


























































A THEIES SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMICAL AND BIOMOLECULAR 
ENGINEERING 









I hereby declare that this thesis is my original work and it has been written by me 
in its entirety. I have duly acknowledged all the sources of information which 
have been used in the thesis. This thesis has also not been submitted for any 






                                 _______________________________ 
 








First and foremost, I would like to show my deepest gratitude to my supervisor 
professor Wang Chi-Hwa, who has provided me with valuable guidance on my 
research. 
Then I shall extend my thanks to Dr Deng Rensheng for his kind help with my 
research and useful advice on writing this report.   
In the following, I would like to show my thanks to my colleagues including Dr. 
Nie Hemin, Sudhir Hulikal Ranganath, Alireza Rezvanpour, Cheng Yongpan, Mr. 
Xu Qing Xing Noel, Pooya Davoodi, Zhang Wenbiao, Miss Lei Chenlu, Cui 
Yanna for their kind help with my experiments and the lab officer of WS2, Miss 
Li Fengmei, Li Xiang, Lim Hao Hiang Joey and Tan Evan Stephen for facilitating 
me with the administrative matters in the lab. 
Especially, I would like to thank Miss Jiang Yuwei for her strong support for 
finishing this report and valuable advice on revising this report. 
Finally I would like to appreciate the National University of Singapore for 







 Table of Contents 
 
 
TABLE OF CONTENTS 
 
 
ACKNOWLEDGEMENTS ..................................................................................................... i 
TABLE OF CONTENTS ......................................................................................................... ii 
SUMMARY .............................................................................................................................. v 
LIST OF FIGURES ................................................................................................................ ix 
Chapter 1 Introduction ........................................................................................................... 1 
1.1 Background .......................................................................................................................... 1 
1.2 Objectives ............................................................................................................................ 5 
1.3 Organization of thesis .......................................................................................................... 6 
Chapter 2 Literature review ................................................................................................... 7 
2.1 Angiogenesis ........................................................................................................................ 7 
2.2 PEX protein ......................................................................................................................... 7 
2.3 QM7 cell line ....................................................................................................................... 8 
2.4 NIH/3T3 cell line ................................................................................................................. 9 
2.5 Polymeric porous PLGA Scaffolds ...................................................................................... 9 
2.6 Cell seeding and culture..................................................................................................... 11 
2.7 Taylor vortex flow ............................................................................................................. 12 
iii 
 Table of Contents 
Chapter 3 Particle-liquid Flow in a Taylor-Couette Device in the Presence of Mobile 
light Particle ........................................................................................................................... 19 
3.1. Introduction ...................................................................................................................... 19 
3.2 Materials and methodology ............................................................................................... 22 
3.3 Result and discussion ......................................................................................................... 28 
3.4 Conclusions ....................................................................................................................... 42 
Chapter 4: Study of Oxygen Transport in a Taylor-Couette Bioreactor ......................... 45 
4.1. Introduction ...................................................................................................................... 45 
4.2 Material and method .......................................................................................................... 48 
4.3 Result and discussion ......................................................................................................... 52 
4.4 Conclusions ....................................................................................................................... 71 
Chapter 5  Production of PEX Protein from QM7 Cells Cultured in Polymer Scaffolds in 
a Taylor-Couette Bioreactor.................................................................................................. 73 
5.1 Introduction ....................................................................................................................... 73 
5.2 Materials and Methods ...................................................................................................... 76 
5.3 Result and discussion ......................................................................................................... 85 
5.4 Conclusions ....................................................................................................................... 99 
Chapter 6 Droplet behavior in a Taylor vortex ................................................................. 102 
6.1 Introduction ..................................................................................................................... 102 
6.2 Materials and methodology ............................................................................................. 104 
6.3 Result and discussion ....................................................................................................... 110 
6.4 Conclusions ..................................................................................................................... 123 
Chapter 7 Conclusions and recommendations .................................................................. 125 
iv 
 Table of Contents 
7.1 Conclusions ..................................................................................................................... 125 
7.2 Recommendations ........................................................................................................... 128 
REFERENCES .................................................................................................................... 130 
LIST OF JOURNAL PUBLICATIONS ............................................................................ 139 








With research and development for almost one century, the Taylor-Couette device 
is now applied in many practical applications such as reaction, filtration, 
extraction and bioreactor. We intend to use the Taylor-Couette bioreactor to 
culture cells that are seeded in a biodegradable porous scaffold. Therefore, the 
behavior of light porous particle, oxygen transport and cell proliferation was 
measured in this study.  
Firstly, we present a study on the behavior of a very light non-spherical particle in 
the Taylor vortex. The particle used (a cube with the edge length of 2 mm and the 
density of 0.13 g/cm
3
) was introduced into a working fluid of mineral oil (density 
of 0.86 g/cm3 and viscosity of 0.066 Pa.s) contained in a Taylor-Couette device 
with an aspect ratio of 6 and a radius ratio of 0.67. The interaction between the 
floating particle and Taylor vortices was investigated using a high speed camera 
and a particle image velocimetry (PIV) system. Moreover, computational fluid 
dynamics simulation was performed to calculate the liquid flow pattern and 
analyze the particle motion. Our results show that the particle behavior in the 
Taylor-Couette device is strongly dependent on the Reynolds number. With the 
increasing Reynolds number, four types of particle trajectories were sequentially 
identified, including a circular trajectory on the surface of the inner cylinder, 
random shifting between the circular trajectory and oval orbit, a stable oval orbit 
in the annulus, and a circle along the vortex center. Several unreported particle 
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behaviors were also observed, such as the self-rotation of the particle when it 
moves along the above trajectories. In addition, the PIV measurements show that 
the trapped particle can only influence the flow pattern locally around the particle.  
The study can help understand the particle behavior in a Taylor vortex better and 
therefore benefit applications of particle-laden Taylor vortex devices. 
Oxygen concentration is always the most significant constraint in a bioreactor and 
can limit the cell proliferation rate. It is therefore important to know the mass 
transfer phenomenon and oxygen transport pattern inside the system. However, 
most studies on the mass transfer properties of the Taylor-Couette bioreactor were 
focused on the conventional Taylor-Couette device (which has a higher aspect 
ratio) and rarely on that with a short aspect ratio. In this study, the equilibrium 
oxygen concentrations at different Reynolds numbers and operation conditions 
were measured and the mass transfer coefficients were also calculated. CFD 
simulation was carried out to compare with the experimental results. Both 
experimental and simulation results showed that the equilibrium oxygen 
concentration and mass transfer coefficient increased with Reynolds number. To 
further improve the mass transfer efficiency, air bubble was introduced to the 
bottom of the rotating inner cylinder and the vortex center. It was proven that the 
mass transfer coefficient of oxygen could be significantly increased with the 
trapped bubble.  
After the study of oxygen transport in the Taylor-Couette bioreactor, the 
bioreactor was used to culture cells seeded in a biodegradable porous scaffold and 
produce PEX protein. Two different cell lines (NIH/3T3 and QM7) were seeded 
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into PLGA sponges, which were fabricated using a solvent-free supercritical gas 
foaming method, and then cultured in the Taylor-Couette bioreactor. Cell 
proliferation was characterized using Quant-iT™ PicoGreen® dsDNA assay and 
the results indicated that high mass transfer rate in the Taylor-Couette bioreactor 
enhanced cell proliferation. Qualitative distribution of live/dead cells was 
characterized using LIVE/DEAD® Viability/Cytotoxicity assay and SEMand the 
results showed that cells cultured in static control mainly proliferated on the outer 
surface while the cells of Taylor-vortex bioreactor group could penetrate into the 
scaffold. The production yield of PEX protein, from QM7 cells transfected with 
pM9PEX, was quantified using PEX ELISA and the results showed a much 
higher PEX mass per scaffold for bioreactor than the control. As such, there is 
potential for the use of Taylor-Couette bioreactor in the mass production of PEX 
protein.  
Besides the application as bioreactor, the interesting phenomenon of droplet 
behavior was observed. The droplets (water or ethanol with the volume of 15-30 
μL) were introduced into a Taylor-Couette device with an aspect ratio of 6 and a 
radius ratio of 0.67, in which a mineral oil (density of 0.86 g/cm3 and viscosity of 
0.066 Pa.s) was used as the working fluid. This configuration ensures a laminar 
Taylor vortex flow with no occurrence of wavy vortex in the entire operating 
range. The behavior of the droplets was investigated with a high speed camera 
and a phase Doppler interferometer (PDI) system. The water droplet can be 
trapped in the vortex center at low Reynolds numbers, corresponding to a circular 
trajectory, which gradually develops into a three-dimensional toroidal motion with 
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the increasing Reynolds number. Differently, the ethanol droplet exhibits the 
toroidal motion at low Reynolds numbers and follows the circular trajectory at 
high Reynolds numbers. Due to their deformability, both water and ethanol 
droplets are elongated and show an ellipsoid shape when moving in the gap. 
Furthermore, the ethanol droplet subject to a sudden-start of the fluid can break 
and form lots of small droplets with the size of microns, which later coalesce into 
a single droplet again after the Taylor vortex flow becomes stable. The study can 
help to better understand the droplet behaviors in a Taylor vortex and therefore 
benefit certain applications like liquid-liquid extraction conducted in Taylor 
vortex devices. 
Keywords: Taylor vortex, Taylor-Couette bioreactor, particle behavior, oxygen 



























Figure 2.1 Lab scale bioreactors: (A) Spinner-flask bioreactor, 
(B) Direct perfusion bioreactor, (C) Rotating wall vessel 
(Martin et al. 2004) 
 
Figure 2.2 Flow pattern visualizations of Taylor vortex flow 
and wavy vortex flow using PIV (A1 – A2) (Wereley & 
Lueptow, 1998) and titanium oxide particles (B1 – B2) 
(Curran & Black, 2004). A1 and B1 shows the flow field 
pattern of Taylor vortex flow; A2 and B2 shows the flow field 
pattern of wavy vortex flow. 
 
Figure 2.3 Experimental results correlating Reynold’s number 
to kLa (A) and dissolved oxygen concentration (B) (Curran & 
Black, 2005) 
 
Figure 3.1 Schematic diagram of the experimental apparatus. 
1 Motor, 2 Computer for motor control, 3 Inner cylinder, 4 
Outer cylinder, 5 Working fluid, 6 High speed camera, 7 
Computer for high speed camera, 8 Particle, 9 Camera for PIV, 
10 Laser generator, 11 Synchronizer, 12 Computer for PIV. 
The SEM image inserted at the top right corner shows the 
porous structure of the particle used in this study. 
 
Figure 3.2 Typical snapshots from the high speed camera. (A) 
and (B) are the bottom views, with (B) being taken 0.015 s 
later than (A). The dashed circles indicate the inner and outer 
cylinders. (C) and (D) are the side views, in which (D) was 
taken after particle in (C0 traveled for one cycle. The white 
squares in Panels B and D highlight the positions of the 
particle in Panels A and C, respectively.  
 
Figure 3.3 Four typical types of particle trajectory at different 
Reynolds numbers (A) Re = 95, (B) Re = 123, (C) Re = 136, 
(D) Re = 150. Note that (X, Y) are the radial positions 
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Figure 3.4 Radial location of the trapped particle in a polar 
coordination system at different Reynolds numbers. (A) Re = 
95, 136 and 150. (B) Re = 109 and 123. 
 
Figure 3.5 Force analysis for particle moving on the surface 
of the inner cylinder. (A) Pressure distribution calculated from 
CFD. Re = 95. The red squares are artificially added to 
indicate the locations where the particle stays. They were not 
included in simulation. (B) Calculated forces (the pressures 
force PZF , drag force DF , the buoyancy force BF ) on the 
particle in the axial direction calculated for different Reynolds 
numbers.   
 
Figure 3.6 Particle self-rotation on the surface of the inner 
cylinder. The curve shows the calculated azimuthal velocity 
distribution along the radial direction. Re = 95. It is believed 
that the unbalanced torque generated by the velocity gradient 
results in the rotation of the particle. The inserted figure shows 
a schematic diagram of particle self-rotation. 
 
Figure 3.7 Particle position and velocity when moving along 
the oval trajectory. Re = 136. (A) Radial position and velocity. 
(B) Angle traveled by the particle in the annulus and particle 
azimuthal velocity. Note that the velocity here is calculated 
based on the information of position and time from the high-
speed video experiments.  
 
Figure 3.8 Behavior of particle moving along the vortex 
center. (A) CFD-calculated pressure and velocity distribution 
at Re = 150. The black squares indicate the positions where 
the particle is trapped. (B) Particle azimuthal velocity at 
different Reynolds numbers. (C) Maximal particle size 
captured at certain Reynolds numbers. The data for bubble 
were reproduced from Deng et al. (2006) 
 
Figure 3.9 Velocity profiles with the particle trapped in the 
vortex center. (A) and (B) show the radial velocity distribution 
along the vertical line that links the vortex centers at Re = 191 
and 220, respectively. (C) and (D) show the axial velocity 
distribution along the radius on which the particle stays at Re 
= 191 and 220, respectively. 
 
Figure 4.1 Schematic diagram of experimental setup; 1: 
Motor; 2: Computer for motor control; 3: Inner cylinder; 4: 
Outer cylinder; 5: Working fluid; 6: Micro-oxygen probe; 7: 
















































 List of Figures 
Figure 4.2 Calculation of chemical reaction constant, the 
figure shows the decay of oxygen concentration when agitator 
was off; the figure on the right up corner shows the oxygen 
concentration at final static state.  
 
Figure 4.3 Oxygen transport at different Reynolds number; A: 
oxygen concentration profile after agitator was on; B: 
experimental and simulation result of equilibrium oxygen 
concentration at different Reynolds number; C: Mass transfer 
coefficient at different Reynolds number; D: flow pattern at 
different Reynolds number. 
 
Figure 4.4 Oxygen transfer in different solutions and 
dimensionless correlation of mass transfer coefficient, the 
mass transfer coefficient increased with Reynolds number but 
decreased with viscosity.  
 
Figure 4.5 Oxygen concentration distributions at different 
height; when Re=0, the oxygen concentration gradient only 
happens on a thin film near the top surface; when Re=1860, 
the oxygen concentration reduces from top surface; when 
Re=4360, no significant gradient is observed due to strong 
mixing of fluid.  
 
Figure 4.6 Mass transfer from bottom bubble; A. equilibrium 
oxygen concentration with bottom bubble; B. Mass transfer 
coefficient from top and bottom surface; C. Velocity 
distribution near the top surface and bottom bubble.  
 
Figure 4.7 Oxygen transfer from trapped bubble; A: Trapped 
bubble captured by high speed camera (Deng et al. 2006); B: 
increase of equilibrium oxygen concentration with bubble 
injection; C: mass transfer coefficient of oxygen from trapped 
bubble; D: equilibrium oxygen concentration with different 
needle size; E: mass transfer coefficient of oxygen from 
trapped bubble with different needle size; 
 
Figure 4.8 Simulation of oxygen transfer from trapped bubble; 
A1, single core bubble ring; A2, six core bubble rings; A3, 
free surface and six core bubble rings; B1, single wall bubble 
ring; B2, three wall bubble rings; B3, free surface and three 
wall bubble rings; C1, free surface; C2, six core bubble rings 
and three wall bubble rings; C3, six core bubble rings, three 
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Figure 5.1 Schematic diagram of Taylor-Couette bioreactor; 1: 
Motor and control; 2: Outer cylinder; 3: Cell culture medium; 
4: Inner cylinder; 5: Scaffold; 6 Taylor vortex.Panel A shows 
the porous structure of scaffold. Panel B shows the bubbles 
trapped in a Taylor-Couette device. 
 
Figure 5.2 Proliferation of NIT-3T3 cells in scaffolds with 
different pore sizes. The scaffold with large pore size has the 
highest seeding efficiency and proliferation rate, but it is 
fragile and not suitable for cell culture.  In contrast, the 
scaffold with medium pore size has suitable seeding efficiency 
and proliferation rate and is chosen for the cell culture. The 
symbols “Control” and “Reactor “ refer to static control and 
Taylor-vortex reactor, respectively. The Symbols “S”, “M” 
and “L” refer to “large”, “medium”, and “small” pore size 
scaffolds, respectively. 
 
Figure 5.3 Cell proliferation of NIH/3T3 cells grown on 
medium pore size scaffolds after 7 days of culture. (*P<0.05).   
The symbols “Control” and “Reactor” refer to static control 
and Taylor-vortex reactor, respectively. 
 
Figure 5.4 Cell proliferation of QM7 cells grown on scaffolds 
after 16 days of culture, comparison between control and 
bioreactor. The cell number of the first 7 days from the control 
group is slightly better than Taylor-vortex reactor group due to 
the low proliferation rate of QM7 cells and also the high shear 
stress in the reactor. The cell number of reactor after 
differentiation is significantly higher than control due to the 
high mass transfer rate of oxygen and nutrient in low serum 
medium.  (*P<0.05). 
 
Figure 5.5 LIVE/DEAD confocal images of scaffolds. The 
dead cell concentrated on the surface of control group while 
the live cell could grow in the interior of reactor group. 
 
Figure 5.6 SEM images of scaffolds. The cells grow on the 
surface of the scaffold in the control group. In contrast, the 
cells could grow in the interior of the scaffold in the reactor 
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Figure 5.7 Production yield of PEX from QM7 cells grown on 
medium pore size scaffolds after 16 days of culture. The PEX 
yield of reactor is about 40 times of control. (*P<0.01). 
 
Figure 6.1 Schematic diagram of the experimental setup. (1) 
Motor, (2) Computer for motor control, (3) Inner cylinder, (4) 
Outer cylinder, (5) Working fluid, (6) High speed video 
camera, (7) Computer for high speed video camera, (8) 
Droplet, (9) Laser-beam generator, (10) Receptor for PDPA, 
(11) Signal analyzer, (12) Computer for PDPA. 
 
Figure 6.2 Trajectories of water droplet in a Taylor vortex 
(bottom view, droplet volume: 25 µL) (A) Re=122.2, (B) 
Re=163.0, (C) Re=216.7. 
 
Figure 6.3 Radial position of water droplet (A, droplet 
volume: 25 µL) and ethanol droplet (B, droplet volume: 25 µL; 
C, Re = 187) trapped in a Taylor vortex for three successive 
cycles. 
 
Figure 6.4 Morphology evolution of ethanol droplet after the 
motor is suddenly started. Droplet volume: 25 µL, Re = 213. 
Here the dashed lines show the inner (IC) and outer cylinders 
(OC) for better visualization. (A) Ethanol droplet shows a 
spherical shape before the motor is turned on. (B) The droplet 
is soon elongated significantly along the annulus. (C) After the 
droplet is stretched to a certain point, it starts to break into 
small droplets. (D) The original droplet totally disappears and 
lots of small droplets can be observed in the working fluid. (E) 
When the working fluid reaches the steady state, the small 
dropets start to coalesce into bigger droplets. (F) Finally a 
single ethanol droplet is formed again in the annlus. 
 
Figure 6.5 Droplet size distribution measured from PDPA 
during the breakage-coalescence process of ethanol droplet. 
Re = 213. 
 
Figure 6.6 Deformation of water droplet (A, droplet volume: 
25 µL) and ethanol droplet (B, droplet volume: 25 µL) at 
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Figure 6.7 Variation of length-to-diameter ratio for water 
droplet (A, droplet volume: 25 µL) and ethanol droplet (B, 




















































Chapter 1 Introduction 
 
 
1.1 Background  
 
 
Angiogenesis is a physiological process which involves the growth of new blood 
vessels in the body. It is a normal and vital process in growth and development 
and wound healing. Normal physiological control of angiogenesis, in healthy 
tissues is dependent on a precise balance of activator and inhibitory factors. When 
this balance is perturbed, there will be either a lack of or excessive angiogenesis. 
Angiogenesis is also a fundamental step in the transition of tumors from a benign 
state to a malignant state. The growth of blood vessels around tumor tissues 
transplanted into healthy tissue of hamsters was investigated and it was 
established that the tumor transplants stimulated proliferation of the blood vessels 
(Greenblatt & Shubik, 1968). Therefore excessive growth of blood vessels is 
often representative of tumorous tissue and metastasis. Inhibiting angiogenesis is 
therefore a crucial step in preventing the growth of tumorous tissues.  
 
Angiogenesis is dependent on the endothelial cell adhesion and proliferation for 
the synthesis of new blood vessels, which is mediated by integrin vβ3 (Brooks et 
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al., 1994). It requires the functional activity of a wide range of molecules such as 
growth factors, ECM proteins, adhesive receptors and proteolytic enzymes 
(Ingber & Folkman, 1989). In order to restrict the proliferation of blood vessels 
by angiogenesis an appropriate inhibitor is required. An ideal candidate for this is 
the PEX protein which disrupts angiogenesis and tumor growth. PEX is a 
naturally occurring non-catalytic fragment- the C-terminal hemopexin-like 
domain, of human matrix metalloproteinase-2 (MMP-2). It acts as an inhibitor of 
endothelial cell proliferation, migration thus making it an ideal candidate for 
treating malignant glioma and angiogenesis (Brooks et al., 1998). Histologic 
analysis showed that HB1.F3-PEX cells- immortalized human neural stem cells 
transfected by a vector with PEX, migrate at the tumor boundary and cause a 90% 
reduction of tumor volume in a mouse glioma model (Seung, et al., 2005). 
However, in order to produce sufficient therapeutic and diagnostic effects, a high 
physiological concentration of the protein is required locally. It is also essential to 
note that the cost of PEX protein is exorbitant with 10µg of recombinant PEX 
costing US$460 (Antibodies-online). Hence it is economically viable to 
encapsulate cells as PEX-producing mini bioreactors in micro-capsules for 
continuous, targeted, local delivery of PEX. This can be accomplished by using 
recombinant cell lines capable of producing PEX. 
 
Animal cells are vital bio-catalysts for the processing of bimolecular and other 
biotherapeutic chemicals. (Nilsson et al., 1993; Wurm, 2004; Butler, 2005) Unlike 
conventional chemical synthesis methods, synthesis of bio-product by animal 
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cells are able to handle complex post translational modification to produce bio-
molecules that are difficult and near impossible to replicate via artificial 
manufacturing processes. (Zhong, 2002; Chen et al., 2003) As such, key research 
has been delved into animal cell culture to reap the benefits of complex 
bimolecular productions. 
 
However, multiple constraints plague the use of animal cells in bio-processes as 
compared to bacteria cultures. One of the main issues is that animal cells are 
typically eukaryotes that do not have a cell wall to protect the fragile intracellular 
environment. As such they are susceptible to the shear stress imposed in a typical 
yeast production set-up. (Murhammer and Goochee, 1990; Wu, 1995; Chisti, 2000) 
In addition, animal cells are fastidious, and require an optimal set of nutrients in 
order to grow and produce the target bimolecular products. Furthermore, unlike 
bacteria cells, animal cells have low growth rates, with a doubling time of about 1 
day on average, which imposes more constraints on large scale production. 
(Chiou et al., 1991; Park and Stephanopoulo, 1993; Liu and Hong, 2001) 
 
The synthesis of bio-product is carried out in a bioreactor. Conventional 
bioreactors can be classified as three major types, include no stirred non aerated 
bioreactor, no stirred aerated bioreactor, and stirred and aerated reactor. The 
former two types of bioreactor are applied for cultivation of anaerobic organism, 
while the latter is used to culture the microbes which require oxygen. However, 
the agitation and sparging in the stirred and aerated bioreactor can cause high 
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shear stress and lead to break-up of fragile mammalian cells; therefore, different 
bioreactors were designed to overcome these limitations, and the Taylor-Couette 
bioreactor was one of them. 
 
Taylor-Couette flow is a classic topic in fluid dynamic studies. (Taylor, 1923; 
Davey, 1962).  Conventional Taylor-Couette devices have the composition of two 
long columns with a narrow gap. With the development of almost one century, the 
Taylor-Couette device has been applied in several engineering areas, such as filter, 
extraction and reactor.  (Wereley and Lueptow, 1999; Davis and Weber, 1960; 
Sczechowski, 1995)  
 
 A recent application for Taylor-Couette device is the bioreactor. Haut et al. (2003) 
cultured the suspended cells in a conventional Taylor-Couette bioreactor; however, 
suspended cells are sensitive to shear stress and can only grow in low Reynolds 
number regime. Low Reynolds number could lead to poor suspension of cells and 
low mass transfer. Because the Taylor-couette bioreactor is not suitable for 
suspended cells, Santiago et al. (2011) cultured the cells in micro-carriers and 
showed that the Taylor-Couette device could provide effective oxygen transfer 
and mass transfer. The conventional Taylor-Couette device applied as a bioreactor 
is a device with long aspect ratio; however, it is believed that the Taylor-Couette 
reactor with short aspect ratio has significant end-effect and high mass transfer 
rate. Zhu et al. (2010) cultured the mammalian cells in immobilized porous 
scaffold in this type of Taylor-Couette bioreactor and proved that the moderate 
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shear stress (0.02–0.19Pa) generated in the bioreactor improved the proliferation 





High shear stress and low mass transfer rate are always constraints of 
conventional bioreactor. To overcome these limitations, the Taylor-Couette 
bioreactor was applied to cultivate mammalian cells in mobile porous scaffold in 
this device. It was anticipated that the cell proliferation rate and oxygen transport 
could be enhanced in a Taylor-Couette bioreactor for culturing cells and 
production of  valuable bio-products. However, several aspects of this type of 
device which can influence the cell culture process have not been well studied in 
previous publications, such as detailed flow pattern, behavior of mobile scaffold, 
oxygen transport rate and the cell proliferation rate.  
 
In view of this, the objectives of this study were: 
1. To observe the hydrodynamics of Taylor-Couette bioreactor by both 
experiments and simulations, and obtain the flow patterns of scaffolds in the 
bioreactor for future cell culture tests. 
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2. To study the oxygen transport profile and mass transfer coefficient by both 
experiments and CFD simulations, and observe the detailed oxygen concentration 
distribution and optimal conditions for high mass transfer rate. 
 
3. To culture the mammalian cells in mobile porous scaffolds in the Taylor-
Coutte bioreactor and find the corresponding optimal conditions for cell 
proliferation and production of PEX protein from the transfected cells. 
 
4. To study the droplet behavior in a Taylor vortex 
 
1.3 Organization of thesis 
The organization of thesis is shown below: Chapter 1 showed a brief introduction 
and objectives of this study. The literature review is presented in Chapter 2. In 
Chapter 3, the behavior of very light particle in a Taylor vortex was studied. In 
Chapter 4, the oxygen transport in a Taylor-Couette bioreactor is presented. In 
Chapter 5, the production of PEX Protein from QM7 cells cultured in polymer 
scaffolds in a Taylor-Couette Bioreactor was studied. In Chapter 6, the droplet 
behavior in a Taylor vortex is presented. Finally, Chapter 7 gave general 





 Chapter 2 
 
Chapter 2 Literature review 
 
2.1 Angiogenesis 
Angiogenesis, which is the development of new blood vessels from existing ones 
(Brooks et al., 1998), plays an important role in healing and reproduction inside 
the body. Angiogenesis is dependent on mechanisms relating to cell migration, 
proteolysis and adhesion; and it requires a broad range of molecules such as 
extracellular matrix (ECM) proteins, growth factors, proteolytic enzymes et al. 
(Brooks, et al., 1994; Brooks, et al., 1998). It requires a balance of activators and 
inhibitors found in the vascular microenvironment for its physiological control; 
however, the controlling mechanisms at the molecular level remain unclear 
(Brooks, et al., 1994; Brooks, et al., 1998). Any disturbance to the balance will 
result in a deficit or surplus of angiogenesis, where such abnormal blood vessel 
development has been recognized as a “common denominator” of multiple 
diseases.  
 
2.2 PEX protein 
PEX is a fragment of MMP-2 that contains its non-catalytic C-terminal 
hemopexin-like domain (Brooks et al., 1998). It occurs naturally in vivo as a 
MMP-2 breakdown product, and its accumulation depends on the expression of 
integrin v3 (Brooks et al., 1998). Proteolytic processing of MMP-2 results in a 
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noncatalytic 29 to 32 kDa C-terminal fragment comprising the hemopexin-like 
domain, which can be detected using immunoblotting (Brooks et al., 1998; Pfeifer 
et al., 2000). 
Brooks et al. (1998) carried out the studies regarding to PEX protein and provided 
evidence that PEX acts as an endogenous inhibitor of MMP-2 activity; it interacts 
dose-dependently with integrin v3 to prevent the binding of MMP-2 to the 
integrin, thus controlling the invasive behaviour of new blood vessels. However, 
this interaction is structurally affected by parts outside the hemopexin domain 
(Brooks et al., 1998). Brooks et al. (1998) also established that a recombinant 
PEX is able to disrupt angiogenesis and tumour growth in vivo, suggesting its 
potential as a new approach in treating such diseases. 
Due to the dose dependent interaction of PEX, sufficient amounts of PEX need to 
be added for effective treatment of angiogenesis. However, purified commercial 
PEX human recombinant protein is expensive; Antibodies-online (n.d.) retails it at 
US$460 for 10 g. Thus, it is desired to explore novel methods to mass produce 
PEX protein economically. 
 
2.3 QM7 cell line 
Quail muscle clone 7 (QM7) is an avian myogenic cell line which is derived from 
the quail fibrosarcoma cell line QT6 (Antin & Ordahl, 1990). The in vitro 
differentiation of QM7 cells greatly resembles that of mammalian myogenic cell 
line (Antin & Ordahl, 1990). The differentiation of QM7 cells depends on the 
serum content; the myoblasts replicate in high-serum medium while they stop 
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replicating and fuse into multinucleated myotubes which express genes encoding 
muscle-specific proteins in low-serum medium (Antin & Ordahl, 1990). These 
myotubes are able to survive for extended time while synthesizing proteins in 
low-serum medium, thus advantageous to express recombinant protein (Lin et al., 
2007). Moreover, QM7 cells can be transfected with high efficiency. For PEX 
protein production, QM7 cells can be transfected with the expression vector 
pM9PEX (Lin et al., 2007). 
 
2.4 NIH/3T3 cell line 
NIH/3T3 cells are mouse embryonic fibroblast cells derived from a NIH Swiss 
mouse embryo, with a doubling time of 18 hrs. These cells were once highly 
contact inhibited but are now not.  
NIH/3T3 cells were used to determine the suitability of cell proliferation in place 
of QM7, as it is highly stable with a more rapid doubling time. Moreover, both 
cells have similar shapes and sizes. 
 
2.5 Polymeric porous PLGA Scaffolds  
Porous scaffolds are 3D sponge-like constructs with pores that are almost uniform 
size distribution and provide high surface area for the cells for long term culture. 
The scaffolds used for cell culture should ideally be biocompatible in order to 
accommodate and guide cell growth by providing a surface for cell attachment 
and migration; should have a high surface area to volume ratio in order to 
10 
 Chapter 2 
maximize the number of cells seeded on the scaffold by enhancing the degree of 
interactions between the cells and the scaffold material and also to facilitate the 
transport of adequate amounts of the vital cell nutrients, oxygen, expressed 
proteins and waste products thus enhancing the cell growth in the scaffold (Freed, 
et al., 1994). Polymeric scaffolds can be fabricated by some methods such as 
solvent casting and particulate leaching, fiber bonding and phase separation; 
however, some of them involve the use of large amounts of organic solvents and 
therefore is not good for cell culture (Thomson et al., 2007).  
 
Poly(D,L- Lactic-co-Glycolic Acid) (PLGA) is a kind of co-polymer which is 
biocompatible, degradable by simple hydrolysis and approved by Food and Drug 
Administration (FDA) for clinical applications (Thomson et al, 2007). Its 
component is two different monomers- glycolic acid and lactic acid. A novel 
method for fabricating PLGA polymeric sponges is by using supercritical CO2 
gas-foaming. Scaffolds fabricated using this method exhibit desirable 
biodegradability and a uniform pore distribution (Zhu et al., 2008). Conventional 
processes utilized in fabrication of polymeric sponges involve the use of large 
amounts of organic solvents for the creation of the pore structures in the PLGA 
polymer. Hence, in these methods, residues of these organic solvents remain in 
the sponges after the fabrication process which may be harmful to the adherent 
cells, necessary growth factors and nearby tissues (Hile & Pishko, 2004). This 
requires additional steps involved in the removal of the organic residues so as to 
render the sponges harmless for cell growth. However, in the supercritical gas 
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foaming technique using supercritical CO2, the use of harmful organic solvents is 
avoided (Zhu et al., 2008). Sponges fabricated in this manner also posses other 
desirable characteristics such as a considerable extent of porosity, uniform pore 
size distribution and moderate interconnectivity which makes them suitable 
candidates for cell culture (Mooney et al., 1996).  
 
2.6 Cell seeding and culture 
Cell seeding is the process of propagation of isolated cells into the scaffold; it is 
the first and most important step of tissue engineering because it could be the 
constraint of cell activities such as cell growth and differentiation. High cell 
seeding efficiency is desirable because the high cell seeding efficiency leads to 
various benefits such as enhanced tissue structure, increased extracellular matrix 
secretion by the cells, and high cell growth rate (Kim et al., 1998).  
 
Due to the low cell seeding efficiency of statistic seeding, the dynamic seeding is 
always preferred. Some commonly device for both dynamic seeding and culture 
includes the spinner-flask bioreactor (Figure 2.1A), the direct perfusion bioreactor 
(Figure 2.1B) and the rotating wall vessel (Figure 2.1C). (Martin et al. 2004) 
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Figure 2.1 Lab scale bioreactors: (A) Spinner-flask bioreactor, (B) Direct 
perfusion bioreactor, (C) Rotating wall vessel. (Martin et al., 2004) 
 
2.7 Taylor vortex flow 
 
2.7.1 Early studies of Taylor Vortex flow 
 
 
It is well-established that a viscous liquid subjected to shearing forces in an 
annular space between two rotating cylinders will give rise to the formation of 
vortices known as Taylor vortices. The study of Taylor Vortex flow has a long 
history since 1687. Taylor (1923) developed a theory and carried out the 
experiment to study the stability of the flow. He predicted and proved the 
unsteady state of flow when the rotation rate of the inner cylinder reached the 
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critical speed by both theoretical calculation and experiment. He drew two 
conclusions which served as a foundation for subsequent studies on of this kind of 
flow; thus the flow was also named as Taylor vortex flow or Taylor-Couette flow. 
The two conclusions are expressed as follows: 
 
1. When the rotation rate was slow, the fluid simply flowed through the 
rotation direction. 
 
2. With the increase in rotation rate, the flow pattern gave rise to the 
formation of vortices which was named as Taylor vortices. 
 
2.7.2 Important properties of Taylor vortex flow 
 
Taylor vortex exhibits many desired properties and was applied to various fields, 
such as reaction, filtration and extraction. Tissue engineering, being a promising 
emerging field, also enjoys the benefit of Taylor vortex. The success of large cell 
constructs depends heavily on oxygen and nutrient transport inside the bioreactor 
(Zhu et al., 2010). Curran and Black investigated the oxygen transport and cell 
viability in a Couette-Taylor bioreactor. (Curran and Black, 2004; 2005). The 
mass transfer of oxygen could be greatly enhanced in the presence of Taylor 
vortex, which suggests that the Taylor-Couette bioreactor could be a potential 
device for the long term and mass production of cell culture (Curran and Black, 
2004; 2005). 
 Dusting and Balabani (2009) studied the mixing effect of Taylor vortex in non-
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wavy Taylor vortex flow regime.  The results showed that the inter-vortex mixing 
occurred near the wall of inner cylinder and radial inflow boundaries, while the 
intravortex mixing at meridional plane was not significant compared with the 
mixing between two adjacent vortices. However, when Reynolds number was 
increased to 330, intravortex mixing in the azimuthal direction was observed to 
happen more rapidly than that in the meridional plane. (Dusting and Balabani, 
2009) 
Another advantage for the application of Taylor vortex flow in tissue engineering 
is the moderate shear stress provided. An experiment of the culture of rat bone 
marrow stroma (rBMS) cells was conducted by Zhu et al. in a Couette-Taylor 
bioreactor (Zhu et al. 2009).  The result showed that the moderate shear stress 
provided by the Taylor vortex could be helpful to improve the proliferation of the 
rBMS cells (Zhu et al., 2009).  
 
2.7.3 Taylor-Couette bioreactor 
 
The Taylor-Couette bioreactor was developed from the conventional Taylor-
Couette device. The culture parameters could be precisely controlled by altering 
the rotation speed of the rotating cylinder because the Reynolds number is only 
related to the rotation rate when the size of the device was fixed. When Reynolds 
number was increased, some flow pattern could occur in the device. For example, 
laminar Couette flow, Taylor vortex flow, wavy vortex flow, turbulent vortex flow 
et al. The flow pattern could be visualized by PIV by added the tracer paticles, 
which are shown in Figure 2.2.  
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           A1            A2 
           B1           B2 
Figure 2.2 Flow pattern visualizations of Taylor vortex flow and wavy vortex flow 
using PIV (A1 – A2) (Wereley & Lueptow, 1998) and titanium oxide particles (B1 
– B2) (Curran & Black, 2004). A1 and B1 shows the flow field pattern of Taylor 
vortex flow; A2 and B2 shows the flow field pattern of wavy vortex flow. 
 
 
As mentioned above, the vortex flow shows various benefits to cell culture within 
the bioreactor. The first benefit is the enhanced mass transfer of essential nutrients 
and oxygen. The solubility of oxygen is relatively low in most aqueous cell 
culture media with a saturation concentration of approximately 10ppm; therefore, 
it is important to ensure that the volumetric mass transfer coefficient, kLa, of 
oxygen in a bioreactor should be high enough to allow an adequate concentration 
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dissolved oxygen to sustain cell growth (Curran & Black, 2005). 
Due to the Taylor and wavy vortexes, the axial diffusion of oxygen from the free 
surface to the base of the bioreactor is enhanced with forced convective resulting 
in an increased volumetric transfer coefficient of oxygen. This leads to an overall 
increase in dissolved oxygen concentration throughout the bioreactor (Curran & 
Black, 2005). Figure 2.3A and Figure 2.3 B show the graphical results by Curran 
and Black (2005) on the dissolved oxygen concentration and kLa value at different 
Reynolds numbers.   
In the aspect of mass transport of essential gases and nutrients, the Taylor-Couette 
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 B 
Figure 2.3 Experimental results correlating Reynold’s number to kLa (A) and 
dissolved oxygen concentration (B) (Curran & Black, 2005) 
 
 
The second advantage of the Taylor-Couette bioreactor is themoderate shear 
stresses generated by the vortexes. Some studies showed that a certain degree of 
shear stress may affect the physiological functions of cells such as its growth rate, 
metabolism, membrane permeability and cellular volume. (Hua et al. 1993) Zhu et 
al. (2010) investigate the growth of rat bone marrow stroma (rBMS) cells in the 
Taylor-Couette bioreactor confirms this claim. The mean shear stress of about 
0.19 Pa-s was generated within the bioreactor due to the vortexes helped in 
improving the cell growth rate.  
However, if the rotation speed of the inner cylinder is too high, the high shear 
stress could be detrimental to cell growth. In the study by Zhu et al. (2008), if the 
rotation rate of inner cylinder is further increased and the shear stress was higer 
than 0.24 Pa-s. The high shear stress resulted in a poorer cell growth of the cells 
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as compared to the control static culture, likely due to the detachment of cells 
from the PLGA scaffolds and also due to possible damage to the cell membrane 
from the high shear stress environment.  
Curran and Black (2004; 2005) also reported a similar finding as Zhu et al. (2008). 
At higher Reynolds number regime, the cell number in the bioreactor could be 
reduces. They found that the maximal shear stress experienced within the 
bioreactor is approximately 6 times greater than mean shear stress within the fluid 
of the bioreactor and located in the axial direction of the boundary layer next to 
the walls of the cylinders.  
It is noticeable that the threshold of the cells to shear stress is depended on the cell 
line. For example, endothelial cells are able to withstand shear stresses of about 
1000dynes/cm
2
 for a short period while shear sensitive cells like hybridoma cells 
are only able to withstand shear stresses of about 6.7 dynes/cm
2
. (Hua et al., 1993) 
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Chapter 3 Particle-liquid Flow in a Taylor-Couette 
Device in the Presence of Mobile light Particle 
 
3.1. Introduction 
Taylor vortex flow has been a classic topic in fluid mechanics since the 1920s 
(Taylor, 1923; Deng et al., 2009; Darvey, 1962). It may be rather simple in 
configuration – a viscous liquid subjected to shear in an annular space between 
two rotating cylinders will give rise to the formation of Taylor vortices when the 
Reynolds number is beyond a critical value. However, plentiful phenomena have 
been observed from this system due to the high sensitivity of flow instability to 
parameters like material property, device geometry and operating conditions. For 
example, a dispersed phase introduced into the working fluid can exhibit 
characteristic behaviors and also alter the original flow structure, although study 
on such a system is still limited. Shiomi et al. (1993) reported five types of bubbly 
flow pattern at different rotation rates in the Taylor-Couette device, and Djeridi et 
al. (1999; 2004) measured the interaction between the flow and dispersed gas 
phase and found that the dispersed phase can only affect the flow at high 
Reynolds number regime. Deng et al. (2006) reported a detailed study on the 
behavior of individual bubbles in a Taylor vortex, from which complicated bubble 
behaviors such as formation of ring/chain structure, orbit crossing between large 
and small bubbles, dependence of maximum bubble size on Reynolds number, 
etc., were observed. Particle behaviors in Taylor vortex flow were also studied. 
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Wereley and Lueptow (1999) investigated the motion of small particles (particle 
size ratio α = d / 2a = 29.7, where d is the gap width and a  is the particle size) 
using numerical simulation. They found that small neutrally buoyant particles 
almost follow the fluid streamlines, but the behavior of heavy particles is 
complicated and depends on their initial positions. The limiting behavior was later 
further studied by Henderson and Gwynllyw (2010), with a range of particle 
densities (ρp/ρf = 1.01-11, where ρp and ρf are densities of particle and working 
fluid, respectively) explored. Numerical simulations were also used to predict 
particle trajectories in wavy vortex flow (Ashwin and King, 1997; Rudman, 1998; 
Broomhead and Ryrie 1998). However, few experimental results were reported on 
the motion of individual particles in the Taylor vortices, due partially to the 
difficulty of tracking the particles that move in a three-dimensional manner.  
One possibly interesting topic is the behavior of very light particles moving in a 
Taylor vortex. In this case, the buoyancy is the dominant force in the vertical 
direction, and therefore the particles tend to float at the liquid surface in the static 
state. One may expect that these particles will behave like air bubbles, for 
example, being trapped near the inner cylinder or in the vortex center (Deng et al., 
2006). However, the particles differ from air bubbles at least in three aspects: (1) 
Small bubbles can coalesce into one big bubble, but the particles cannot. 
Consequently, ring breakage by forming big bubbles (Deng et al., 2006) would 
not be observed from the particle system. (2) Air bubbles always show a spherical 
shape due to surface tension, but the particles usually do not. The loss of 
axisymmetry will significantly complicate the particle-fluid interaction. (3) The 
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shear stress between air and liquid is usually negligible, while that between 
particle and liquid is not. Such differences may result in new features in the 
behaviors of light particles that were not observed from the bubbles in the Taylor 
vortex. Saomoto et al. (2010) investigated the dispersion of floating particles with 
a particle/fluid density ratio of 0.98, although no detailed observation on the 
single particle motion was reported.   
Study on the interaction between light particles and working fluid is also 
important for the application of Taylor-Couette devices, for example, as the 
bioreactor for cell culture (Giordano et al., 1998; Haut et al., 2003; Santiago et al., 
2011). It was proven that the device is unsuitable for suspended cell culture due to 
the high shear stress on cells (Haut et al., 2011). To improve cell survivability, 
cells were encapsulated in micro-carriers or scaffolds and therefore were shielded 
from the shear stress by culture medium. It was found that good cell proliferation 
rate can be achieved due to improved mass transfer and reduced shear stress 
(Santiago et al., 2011; Zhu et al., 2009). However, if we use freely moving 
scaffolds rather than the immobilized ones as used in Zhu et al. (2009), the shear 
stress is expected to be even lower and this will favor cell proliferation. 
Nevertheless, prior to cell culture experiments, it is important and necessary to 
understand the interactions of the scaffolds and the fluid for the purpose of 
successfully developing such a new bioreactor.  
In the present study, we introduced a cubic particle with a density lower than the 
working fluid into a Taylor vortex. The non-spherical shape was chosen mainly 
for two reasons: (1) we expected the particles would exhibit certain rotations in a 
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vertical flow like Taylor vortex, which could not be easily observed in spherical 
particles, and (2) particles used in practical applications are difficult to be 
perfectly spherical, therefore the information obtained from non-spherical 
particles may be more representative. For comparison, the motion of a heavy 
particle in the Taylor vortex was also investigated for different Reynolds numbers. 
A high speed camera was used to capture behaviors of the particle at different 
Reynolds numbers, and a particle image velocimetry (PIV) system was used to 
monitor the vortex flow. Computational fluid dynamics (CFD) simulation was 
then applied to calculate the velocity and pressure profiles which were used to 
explain the experimental observations. 
 
3.2 Materials and methodology 
3.2.1 Experimental setup and procedure 
     A schematic diagram of the experimental apparatus used in the study is shown 
in Figure 3.1. One system chosen was a cube with the edge length of 2 mm and 
the density of 0.13 g/cm
3
 ('light particle') in a working fluid of mineral oil (density 
of 0.86 g/cm
3
 and viscosity of 0.066 Pa.s). The Taylor-Couette device consisted of 
a stationary outer cylinder (Ro = 30 mm) and a rotating inner cylinder (H = 60 mm, 
Ri = 20 mm), which gave gives an aspect ratio (Γ = H/d, where d = Ro-Ri is the 
gap width) of 6 and a radius ratio (η = Ri/Ro) of 0.67. A The inner cylinder was 
made of stainless steel and driven by a motor. The rotational speed  of the motor 
could be changed from 0 to 800 rpm. The outer cylinder was made of Plexiglas 
with the same refraction index as the working fluid, which was immersed into a 
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Plexiglas square box filled with the working fluid to minimize any possible 
optical distortion resulted from the different refractive indices of air and the 
working fluid. The distance between the bottoms of the inner and outer cylinders 
was fixed at 1 cm. The flow in the Taylor-Couette device is then characterized by 
the Reynolds number 

dRiRe .           (3.1) 
In this configuration, the Reynolds number could be conveniently adjusted by 
changing the rotation speed of the inner cylinder, and the critical Reynolds 
number corresponding to the onset of Taylor vortex flow was found to be 79 
based on the experiment data. Before experiments, special care was taken to 
ensure that the inner and outer cylinders were concentric. After the inner cylinder 
was turned on, 5 minutes was waited for the flow field to achieve stabilization. 
The high viscosity of the working fluids used and the low aspect ratio of the 
device help to prevent the appearance of wavy vortex and turbulence flow in the 
entire speed range (Deng et al., 2006). 
The light particles used in this study were made of poly(D,L-Lactic-co-Glycolic 
Acid) by the supercritical gas foaming method (Zhu et al., 2008). Fig 3.1 shows a 
scanning electron microscope (SEM) picture of the fabricated polymer material. It 
can be seen that the material is highly porous (with a porosity of 89.1% and an 
average pore size of 32.5 µm) and its density of 0.13g/cm
3
 is much lower than the 
working fluid. The material was then cut into particles of cubic shape with the 
edge lengths of 2, 3 and 4 mm, respectively. The particles with the edge length of 
2 mm were applied for the study of particle behaviors and those with other edge 
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lengths were for measuring the minimal Reynolds number which could trap the 
particles. The surface tension of mineral oil on the polymer was large and the 
scaffold is inpenetrable by mineral oil; therefore, the particle was treated as a 
solid cube with low density. Due to the low density, the particles introduced were 
found to float on the surface in the static state. In order to get them trapped in the 
vortex flow, the rotational speed of the inner cylinder was raised to 600 rpm first, 
by which the particles were sucked into the liquid and stay in the regime of first 
vortex from the top. After that the rotational speed was reduced to the desired 
value and observation of the particle behavior started after the flow was stabilized 
for at least 5 minutes. In the study, a FASTCAM MC2.1 high speed camera 
(resolution of 512×512) from Photron Company (Japan) was used to capture the 
motion of the floating particles from either the side or the bottom view. The 
shutter time was fixed at 1/2000 s and the frame rate was fixed at 2000 frames per 
second. The image data were analyzed by the PFV Ver.327 software package, 
from which the position, velocity and orientation of the particles could be 
obtained.  
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Figure 3.1 Schematic diagram of the experimental apparatus. 1 Motor, 2 
Computer for motor control, 3 Inner cylinder, 4 Outer cylinder, 5 Working fluid, 6 
High speed camera, 7 Computer for high speed camera, 8 Particle, 9 Camera for 
PIV, 10 Laser generator, 11 Synchronizer, 12 Computer for PIV. The SEM image 
inserted at the top right corner shows the porous structure of the particle used in 
this study. 
 
Figure 3.2 shows the snapshots from the bottom view (A, B) and the side view (C, 
D) by the high speed video camera. Panel 2B was taken later than panel 2Aby an 
interval Δt of 0.015 s, during which the particle had already traveled by an angle 
of Δθ and a radial displacement of Δr. From this information, one could calculate 
the approximate azimuthal and radial velocities by Δθ/Δt and Δr/Δt, respectively. 
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inner and outer cylinders for one circle to reach the position as shown in Panel 2D. 
It can be seen that the particle has different vertical positions in the two panels, 
showing that the particle motion could be in a three-dimensional manner. 
However, because the side-view image of the particle is blocked by the inner 
cylinder when the particle moves behind, it is difficult to monitor the particle 
behavior in the entire annulus. Therefore, the video taken from the bottom was 
used to analyze the particle trajectory. Note that the (X, Y) positions in this study 
were non-dimensionalized by the radius of the outer cylinder Ro and therefore 
both coordinates ranged from -1 to 1. 
A PowerView 2D PIV system from TSI Company (Shoreview, Minnesota, USA) 
was used to characterize the Taylor vortex flow in the cross-sectional plane of the 
annular gap. This system came with a Laser Pulse
TM 
Solo Mini Dual Nd:YAG 
laser operating at 15 mJ/pulse and a TSI PowerView camera (resolution of 2K × 
2K). The laser light was introduced from the sidewall to illuminate the vertical 
plane of interest while the camera was positioned perpendicular to the laser light 
sheet. Images of the tracer particles in the illuminated plane were then captured by 
the camera and sent to the computer for data processing to generate velocity 
vectors. Here silica carbide spheres with an average diameter of 2 μm and density 
of 1.6 g/cm
3
 were used as tracer particles. A LaserPulse
TM
 computer-controlled 
synchronizer was used to coordinate the operations of the whole PIV system. 
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Figure 3.2 Typical snapshots from the high speed camera. (A) and (B) are the 
bottom views, with (B) being taken 0.015 s later than (A). The dashed circles 
indicate the inner and outer cylinders. (C) and (D) are the side views, in which (D) 
was taken after particle in (C0 traveled for one cycle. The white squares in Panels 




3.2.2 Computational simulation 
Commercial CFD software, FLUENT 13.0, was to simulate the flow pattern in the 
device. The fluid domain, which has the same dimensions as those used in 
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The dependence of calculated results on grid size was checked; the grid density 
was increased until no more improvement in the accuracy could be achieved. The 
mesh size in the simulation is 0.01 cm and the size of boundary grids was started 
from 10
-5
 cm and grows with the rate of 1.2 for 20 grids. The viscosity of the 
mineral oil is very high and the Reynolds number of the flow is very low; 
therefore, the turbulence was ignored. The mesh was then introduced into 
FLUENT to calculate the pressure and velocity profiles. The flow was considered 
single-phased, steady, axisymmetric and laminar. The top surface was assumed 
shear-free while no-slip conditions were applied to other boundaries. The iteration 
process was continued until the residues decreased to about 10
-6
, which was 
adequate for full convergence. The flow pattern calculated was then compared 
with the experimental result and the pressure/velocity distribution obtained from 
the simulation was applied for the further analysis of particle-fluid interaction. 
 
3.3 Result and discussion 
3.3.1 Typical particle trajectories at different Reynolds numbers 
As stated above, Taylor vortex first appears at Re = 79, but only when Re is 
higher than 91 can the light particle be trapped by the vortex flow. Four typical 
types of particle trajectory can be experimentally observed in the gap when the 
Reynolds number increases from 90 to 150, as shown in Figure 3.3. For Reynolds 
numbers ranging from 91 to 103 (Panel A), the particle moves on the surface of 
the inner cylinder. Therefore, the corresponding particle trajectory is a circle 
around the axis of the inner cylinder. When the Reynolds number is increased to 
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103 (Panel B), the particle starts to escape from the inner cylinder. Instead it 
randomly moves along the inner cylinder surface and an oval orbit in the annulus 
in an unstable manner. For Reynolds numbers higher than 131 (Panel C), the 
particle sails along a stable oval orbit. A further increase of Reynolds number to 
beyond 144 results in the escape of the particle from the oval orbit and finally it 
moves along the vortex center in the annulus, forming a circular orbit again (Panel 
D). 
   
   
Figure 3.3 Four typical types of particle trajectory at different Reynolds numbers 
(A) Re = 95, (B) Re = 123, (C) Re = 136, (D) Re = 150. Note that (X, Y) are the 
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Figure 3.4 Radial location of the trapped particle in a polar coordination system 
at different Reynolds numbers. (A) Re = 95, 136 and 150. (B) Re = 109 and 123. 
 
The various trajectories can be seen more clearly in a polar coordinate system, 
with the change of radial position with time shown in Fig 3.4. When the particle 
moves on the surface of the inner cylinder at Re = 95, the dimensionless radius (r-
Ri)/(Ro-Ri) of the trajectory circle is 0.14. This is larger than the expected value of 
























































 Chapter 3 
discussed later). The stable oval orbit observed at moderate Reynolds number 
regime exhibits a clearly periodic feature in the particle radial position. For 
example, for Re = 136 the particle returns to the same radial position after 
traveling for 0.95 cycles around the inner cylinder, with the maximal and minimal 
radius of 0.86 and 0.19, respectively (Figure 3.4A). The shape of radial position 
curve, with sharp peaks and relatively flat valleys, does not seem to follow the 
sinusoidal function. For high Reynolds numbers such as Re = 150, the radial 
position stays at an almost constant value of 0.55, corresponding to the location of 
vortex centers. Small fluctuation observed here could be attributed to the particle 
motion along the limit cycle of small diameter as shown in literature (Henderson 
and Gwynllyw, 2010). Figure 3.4B shows the variation of radial position in 
correspondence to Figure 3.3B from which the unstable particle behavior is 
observed. For Reynolds numbers of 109 and 123, the particle moves along the 
inner cylinder surface and the oval orbit in the annulus randomly rather than 
alternatively. It can be seen that with the increasing Re, the particle tends to move 
longer along the oval orbit than it stays on the inner cylinder surface. Therefore it 
serves as a smooth transition from the circle trajectory in Figure 3.3A to the oval 
trajectory in Figure 3.3C. 
 
3.3.2 Particle behavior on the surface of inner cylinder 
If the rotational speed is very low, the buoyancy always keeps the particle floating 
on the surface of the working fluid. When the Reynolds number increases beyond 
91, the particle starts to be trapped onto the inner cylinder surface, similar to the 
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wall bubble observed by Deng et al. (2006). The capture of particle and bubble 
could be attributed to pressure gradient caused by the formation of Taylor vortices 
in the fluid. Figure 3.5A shows the pressure distribution in the vertical plane 
calculated from CFD simulation. It can be seen that the pressure minima appear at 
the outflow region between two adjacent vortices. A cross-checking with 
experimental observations shows that the particle is always trapped in the pressure 
minima located on the surface of the inner cylinder.  
An analysis on the forces on the particle may help understand the capture of the 
particle better. In the radial direction, the pressure force (FPR) (resulted from 
pressure gradient) and the centrifugal force (FC) can be calculated from the 
following 








 .              (3.2b) 
Here p is the pressure at a point (corresponding to infinitesimal unit ds) on the 
particle outer surface S, r is the unit vector in radial direction, n is the normal 
vector at ds, ρp and V are particle density and volume respectively, uA is the 
particle velocity in the azimuthal direction, and Rc is the radial position of the 
particle mass center. Corresponding to Re = 95, the pressure force calculated from 
the above equations is about 6.6 times of the centrifugal force. Thus, the particle 
is always ‘pushed’ onto the surface of the inner cylinder.  
In the axial direction, the major forces involved are the pressures force (FPZ), the 
33 
 Chapter 3 
drag force (FD) and the buoyancy force (FB) 
VgFB  ,    (3.3a) 
  SPZ dspF )( nz ,    (3.3b) 
ACvF dAfD
25.0  ,    (3.3c) 
where Δρ is the density difference between particle and working fluid, z is the unit 
vector in the axial direction, g is the gravitational acceleration, ρf is density of 
fluid, νA is relative axial velocity between particle and fluid, Cd is drag coefficient 
and A is the reference area. Based on Figure 3.5A and Eq.(3), the particle should 
stay slightly higher than the saddle point of lowest pressure such that the pressure 
difference between the lower and upper surfaces could provide a pressure gradient 
to balance the buoyancy. In the calculation, the maximal pressure gradient was 
selected to make the comparison with buoyancy force.  As shown in Figure 3.5B, 
the pressure force and drag force increase with the increasing Reynolds number, 
while the buoyancy is independent of Reynolds number. The balance point 
appears at the Reynolds number of 104, beyond which the particle can be trapped 
in the pressure minima. This is close to the experimental value of Re = 91 when 



























    
Figure 3.5 Force analysis for particle moving on the surface of the inner cylinder. 
(A) Pressure distribution calculated from CFD. Re = 95. The red squares are 
artificially added to indicate the locations where the particle stays. They were not 
included in simulation. (B) Calculated forces (the pressures force PZF , drag force
DF , the buoyancy force BF ) on the particle in the axial direction calculated for 
different Reynolds numbers.   
 
  
Figure 3.6 Particle self-rotation on the surface of the inner cylinder. The curve 
shows the calculated azimuthal velocity distribution along the radial direction. Re 









































 Chapter 3 
results in the rotation of the particle. The inserted figure shows a schematic 
diagram of particle self-rotation. 
 
It is observed from Figure 3.4A that the particle radial position is not always 
constant for Re = 95. Instead, observable variations exist, which could be 
attributed to the self-rotation of the particle as shown in Figure 3.6. For the 
present configuration with a rotating inner cylinder and a stationary outer cylinder, 
the fluid near the inner cylinder moves faster in the azimuthal direction than that 
near the outer cylinder. Figure 3.6 shows the CFD-calculated distribution of 
dimensionless azimuthal velocity along the radial position, which decreases from 
1 at the inner cylinder surface to zero at the outer cylinder surface. The velocity 
difference across the two sides of the particle (corresponding to radial position (r-
Ri)/(Ro-Ri) of 0 and 0.2, respectively) is about 0.4. This generates an unbalanced 
torque on the particle, which results in the self-rotation of the particle around its 
mass center, with the direction opposite to that of the rotation of the inner cylinder. 
From the high speed camera video, it can be found that the particle rotates with a 
period of about 0.255 s for Re = 95, or 0.67 rounds when the inner cylinder rotates 
for 1 revolution. As a result of the rotation, the radial position of the non-spherical 
particle periodically increases and decreases, resulting in the variations observed 
in Figure 3.4A. Note that the self-rotation also exists for spherical particle, while 
in that case it would not easy to be observed due to the symmetric shape. 
Furthermore, self-rotation of the non-spherical particle was also observed for 
other types of particle trajectory, although it would be even more difficult to 
quantify it due to the complexity of those particle trajectories. 
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3.3.3 Particle position and velocity along the oval orbit 
Because the high speed camera only captures the particle motion from below, the 
oval orbit observed is actually the projection of the three-dimensional particle 
trajectory onto the bottom plane. However, this does not prevent the extraction of 
important information from the radial and azimuthal directions. Figure 3.7A 
shows the radial velocity of the particle calculated from the measurements by the 
high-speed video camera. A cross-checking with particle radial position reveals 
that the zero radial velocity appears when the particle moves near the inner 
cylinder or the outer cylinder, while the maximal radial velocity appears when the 
particle is moving outwards in the middle of the gap. It is also noticed that the 
radial velocity is not symmetrically distributed – the particle moves faster 
outwards than inwards, which may be attributed to the acceleration by the 
centrifugal force. For example, as shown in Figure 3.7A, the maximal normalized 
outward velocity is about 1 and the maximal inward velocity is about 0.5 only. 
The azimuthal position and velocity of the particle for the oval trajectory are 
shown in Figure 3.7B. It can be seen that the angle traveled by the particle does 
not increase linearly with the cycle number. This corresponds to a varying 
azimuthal velocity within a single cycle, as the periodic curve shown in Figure 
3.7B. The particle reaches its maximal angular velocity at the surface of the inner 
cylinder and minimal at the outer cylinder, respectively, due to the acceleration 
and deceleration by the surrounding fluid in those two regions. From Eq. (2b), it 
can be concluded that the radial force cannot balance the centrifugal force near the 
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inner cylinder due to the high speed there; therefore the particle does not retain its 
circular orbit and flies away along the tangential direction. After it reaches near 
the outer cylinder, the radial force is larger than the centrifugal force required and 
the particle is pushed back to the inner cylinder. As a result of the periodical in-





Figure 3.7 Particle position and velocity when moving along the oval trajectory. 

































































































 Chapter 3 
the annulus and particle azimuthal velocity. Note that the velocity here is 
calculated based on the information of position and time from the high-speed 
video experiments.  
 
3.3.4 Particle trapping in the center of vortex 
In the high Reynolds number regime, the particle escapes from the oval orbit and 
moves into the center of vortex, as shown in Figure 3.8A. For Re = 150, the 
particle has a cycle orbit with the radius of 0.55 and the angular velocity of 0.26 
rad/s around the inner cylinder. It is observed that the radial position of the light 
particle slightly increases with the increasing Reynolds number, which may lead 
to the decreased dimensionless angular velocity with the increasing Reynolds 
number, although it is less dependent on particle size (Figure 3.8B). This is similar 
to the bubble behavior reported by Deng et al. (2006).  Note that the bubble 
velocity listed in Figure 3.8B is for reference only, which should not be directly 
compared to the particle velocity due to the different working fluid and device 
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Figure 3.8 Behavior of particle moving along the vortex center. (A) CFD-
calculated pressure and velocity distribution at Re = 150. The black squares 
indicate the positions where the particle is trapped. (B) Particle azimuthal velocity 
at different Reynolds numbers. (C) Maximal particle size captured at certain 
Reynolds numbers. The data for bubble were reproduced from Deng et al. (2006) 
 
As shown in Eq. (4), the drag force that helps to trap the particle in the vortex 
center increases with the increasing Reynolds number. A flow of certain Reynolds 
number can only trap particle smaller than a critical size in order to keep the 
particle from rising to the top. As shown in Figure 3.8C, the maximum particle 
size that can be captured in the vortex center increases with the increasing 
Reynolds number. For example, the particle with the side length of 2mm used in 
the experiment corresponds to Re = 144. Deng et al. (2006) studied the 
relationship between bubble size and Reynolds number, with the results shown in 
the same figure. They proposed an equation to calculate the maximal size of air 

















































  ,                   (3.4) 
where m is the dimensionless maximal bubble size, k is the correlation coefficient 
equal to 0.184, and Rec is the critical Reynolds number when the Taylor vortex 












  .                              (3.5) 
For the particle-vortex system in the present study, the value of C can be 
calculated to be 0.0499. Given the cRe  value of 79, the dimensionless maximal 
particle size can be calculated from Eq. (5), as shown in Figure 3.8C. It can be 
seen that the predicted curve agrees with the experimental data only to a certain 
extent. The deviation may mainly come from the non-spherical shape of the 
particle which has a drag force significantly different from the assumption of 
spherical bubble in the model developed by Deng et al. (2006). 
 
3.3.5 Flow pattern with particle in the center of vortex 
The above study mainly helps to understand the particle behavior in the vortex 
flow. It is equally important to understand the effects of particle motion on the 
flow pattern itself. For this purpose, particle image velocimetry (PIV) was used to 
check the fluid flow with the particle trapped in the center of vortex. Care was 
taken to ensure that the flow field was measured when the particle just moved 
across the plane of interest. It was found that the introduction of the particle does 
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not significantly change the shape and location of the vortices.  
Figures 3.9A and 3.9B show the radial velocity profiles along the vertical line that 
links the vortex centers for Reynolds numbers of 191 and 220, respectively. It can 
be seen that the radial velocity profile in presence of the particle is quite similar to 
that without the particle except in the regions around the particle, where the 
former is significantly lower than the latter at low Reynolds number regime. The 
axial velocity profiles along the radius on which the trapped particle stays for 
Reynolds numbers of 191 and 220 are shown in Figures 3.9C and 3.9D, 
respectively. The vortex center naturally divides the axial velocity profiles into 
two regions: the down-flowing region, stretching from the inner cylinder wall to 
the vortex center (marked by the zero axial velocity line); and the up-flowing 
region, from the vortex center to the outer cylinder wall. At low Reynolds number 
regime, it can be seen that the axial velocity near the particle is reduced after the 
particle motion is considered, with the maximum reduction appearing near the 
middle of the downward- and upward-flowing regions, i.e., corresponding to the 
radial positions of about 0.25 and 0.75, respectively. However, the reduction of 
velocity is not significant at high Reynolds number regime, which could be 
attributed to the strong flow field at high Reynolds number regime. 
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Figure 3.9 Velocity profiles with the particle trapped in the vortex center. (A) and 
(B) show the radial velocity distribution along the vertical line that links the 
vortex centers at Re = 191 and 220, respectively. (C) and (D) show the axial 





In this paper, the behaviors of a light non-spherical particle and a heavy spherical 
particle in a Taylor vortex were investigated. The experimental results show that 
the particle behavior is strongly dependent on particle density and Reynolds 
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trajectory have been identified for the light particle, including the circular 
trajectory on the inner cylinder surface, the unstable circle/oval trajectory, the 
stable oval orbit in the annulus and the circular orbit along the vortex center. On 
the other hand, the heavy particle moves along a circular orbit and an oval orbit at 
low and high Reynolds numbers, respectively. Several unreported phenomena 
were observed from the system, such as the particle self-rotation, the periodical 
acceleration and deceleration of particle in the oval trajectory, the maximal 
particle size that can be captured for a certain Reynolds number, and the axis 
shifting of the oval trajectory. These findings help to provide a better 
understanding of the interaction between the discrete particle and the Taylor 
vortex, which can then benefit applications like cell cultivation within porous 
scaffold in a Taylor-Couette bioreactor. 
Compared to air bubble, the behavior of the light particle has some similar 
features. For example, the particle behaves similarly as wall bubble at low 
Reynolds numbers and core bubble at very high Reynolds numbers, respectively. 
Both the particle and bubble need the force associated with Taylor vortex to 
balance the buoyancy and therefore avoid rising to the surface. However, due to 
the difference in shape and density, the particle exhibits unique behavior. For 
example, the bubble trajectory does not change significantly at different Reynolds 
numbers, while the particle trajectory does. One characteristic behavior of bubbles 
is that they form structures like rings and chains (Deng, 2006). Our preliminary 
study on multiple particles shows that particles of the same size can form particle 
rings and particles of different sizes exhibit the orbit-crossing phenomenon, 
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although reliable conclusions are to be drawn only after a comprehensive study is 
done. 
There are several limitations associated with the present study. For example, the 
mineral oil was applied as the working fluid while the growth medium is used in 
cultivation of cells in bioreactors. This may not significantly affect the flow 
patterns as shown here, but the mass transfer like oxygen diffusion will be very 
different. On the other hand, we focused on the 2D projection of particle 
trajectory here instead of 3Dmotion due to the constraint from equipment and 
therefore some features of the particle behavior, especially in the axial direction, 
could be missing. These issues are to be improved in the future work. 
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Animal cells are vital bio-catalysts for the processing of biomolecular and other 
biotherapeutic chemicals (Nilsson et al, 1983; Wurm, 2004; Butler, 2005). Unlike 
conventional chemical synthesis methods, synthesis of bio-product by animal cells 
allows complex post translational modification to produce bio-molecules that are 
difficult and nearly impossible to replicate via artificial manufacturing processes 
(Zhong et al, 2002; Chen et al, 2003). As such, research studies have focused on 
animal cell culture to reap the benefits of complex biomolecular productions. 
However, multiple constraints plague the use of animal cells in bio-processes as 
compared to bacteria cultures. One of the main issues is that animal cells are 
typically eukaryotes that do not have a cell wall to protect the fragile intracellular 
environment. As such, they are susceptible to the shear stress imposed in a typical 
yeast production set-up (Murhammer et al, 1990; Wu et al, 1995; Chisti, 2000). In 
addition, animal cells are fastidious, and require an optimal set of nutrients in 
order to grow and produce the target biomolecular products. Furthermore, unlike 
bacteria cells, animal cells have low growth rates, with a doubling time of about 1 
day on average, which imposes more constraints on large scale production. Due to 
the limitations listed above, special bioreactors should be designed for animal cell 
cultivation (Chiou et al, 1991; Park and Stephanopoulo, 1993; Liu and Hong, 
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2001). In our study, the Taylor-Couette bioreactor with biodegradable scaffolds 
was proposed to be applied for cultivation of animal cells. 
The synthesis of bio-product is carried out in a bioreactor. Conventional 
bioreactors can be classified as three major types and they include non-stirred 
non-aerated bioreactor, non-stirred aerated bioreactor, and stirred and aerated 
reactor. The former two types of bioreactor are applied for cultivation of 
anaerobic organism, while the latter is used to culture microbes which require 
oxygen. However, the agitation and sparging in the stirred and aerated bioreactor 
can cause high shear stress and lead to the break-up of fragile mammalian cells; 
therefore, different bioreactors were designed to overcome these limitations, and 
the Taylor-Couette bioreactor was one of them. 
Taylor-Couette flow is a classic topic in fluid dynamic studies (Taylor, 1923; 
Davey, 1962; Kataoka et al, 1975; Tam and Swinney, 1987; Pudijioni, 1992; 
Racina et al, 2010; Enkoida et al, 1989). A Taylor-Couette device consists of two 
long columns with a narrow gap. With development over the course of almost one 
century, the Taylor-Couette device has already been applied in several engineering 
areas, such as filtration, liquid-liquid extraction and reaction (Wereley and 
Lueptow, 1999; Davis and Weber, 1960; Sczechowski, 1995). 
A recent application of the Taylor-Couette device is the bioreactor. Haut et al. 
(2003) cultured the suspended cells in a Taylor-Couette bioreactor; however, cells 
are sensitive to shear stress and can only grow in low Reynolds number regimes. 
The use of low Reynolds number could lead to poor suspension of cells and low 
mass transfer rate. As the Taylor-couette bioreactor is not suitable for suspended 
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cells, Santiago et al. (2011) cultured the cells in micro-carriers and proved that the 
Taylor-Couette device could provide effective oxygen transfer and mass transfer. 
Zhu et al. (2010) attempted the culture of mammalian cells in immobilized porous 
scaffold in a Taylor-Couette bioreactor and proved that the moderate shear stress 
generated in the bioreactor improved the proliferation of cells.   
We intend to culture the mammalian cells in mobile porous scaffold (Zhu et al, 
2010) (1mm×1mm×1mm) in a Taylor-Coutte bioreactor with short aspect ratios. 
The details of fabrication parameters for PLGA scaffolds have been reported in 
our earlier study and are not reproduced here (Lee et al, 2009). However, oxygen 
concentration is always the constraint of a bioreactor, and thus it is very important 
to study the oxygen transfer in the Taylor-Couette device. Curran and Black (2005) 
studied the oxygen transport profile from the free surface in a Talor-Couette 
device with a narrow gap (0.15mm) and long aspect ratio and found that the mass 
transfer coefficient increases sharply at low Reynolds number, but the increase 
rate decreased at high Reynolds number. Santiago et al. (2011) studied the oxygen 
transport profile from a rotating membrane inner cylinder and the result indicates 
that the mass transfer coefficient increased with Reynolds number.  It was noted in 
their study that the gradient of the increase is lower at moderate Reynolds number 
as compared with low and high Reynolds number. Although there are some 
studies of mass transfer in the Taylor-Couette device, numerical simulation studies 
are lacking in the literature in this area (2001).  
The objective of this study is to understand the oxygen transport from different 
surfaces of the Taylor-Couette bioreactor by both experimental and simulation 
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studies. The oxygen concentration could be measured by an oxygen sensor; 
however, the conventional oxygen sensor has several limitations, such as large 
size and long response time, which could influence the flow pattern and is thus 
not suitable for measuring real-time oxygen concentration. Therefore, a micro-
oxygen probe with small diameter and shorter response time was applied to 
measure real-time oxygen concentration.  This is a follow-up study for our 
previous work (Qiao et al, 2014) to examine the detailed mass transfer aspects of 
a bioreactor.  As such, we are mimicking oxygen uptake rate (OUR) using a 
chemical reaction involving ascorbate.  A computational fluid dynamics (CFD) 
software package, FLUENT, was also applied to simulate the oxygen transport 
profile to be compared with experimental results. 
 
4.2 Material and method 
 
4.2.1 Material 
Glycerol (density of 1.261 g/cm
3
, viscosity of 1.412 Pa·s), purchased from Sigma-
Aldrich, was added to the DI-water to mimic the viscosity of growth medium. 
Sodium ascorbate (>99%), purchased from Sigma-Aldrich, was added to the 
working fluid to mimic the oxygen consumption by cells.  
 
4.2.2 Experimental apparatus  
Figure 4.1 shows the schematic diagram of the experimental apparatus used in the 
study.  The experimental setup is made up of a bioreactor composed of a 
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stationary outer cylinder (Ro = 30 mm, L = 90 mm) and a rotating inner cylinder 
(Ri = 20 mm, H = 60 mm). This setup provided a gap width (d) of 10 mm, an 
aspect ratio of Γ = H/d = 6 and a radius ratio, η, of 0.67.  
The inner cylinder is made of stainless steel and is driven by a motor. The 
rotational speed of the motor could be changed from 0 to 800 rpm. The gap width 
between the bottom of the inner cylinder and the outer cylinder was fixed at one 
centimeter. The Reynolds number of this system can be measured by: 

dRiRe                                                              (4.1) 
Based on the experimental results obtained, the critical Reynolds number of the 
system was found to be around 320. 
In this study, an OX-N micro oxygen sensor from UNISENSE Company 
(Denmark) was used to detect real-time oxygen concentration, with a response 
time of 0.2 second. The diameter and length of oxygen sensor were 1.1mm and 
50mm, respectively. The PIV image was taken before application of oxygen 
sensor to make sure that there was no significant disturbance to the Taylor vortices 
when the sensor was introduced.   
The temperature was set at 25 
o
C and the saturated oxygen concentration in pure 
water was 251µmol/L and this value varied for different solutions. 8% V/V 
solution of glycerol in water solution was applied as working fluid to mimic the 
viscosity of cell medium; 0.1 mol/L sodium ascorbate was added into the medium 
and the micro oxygen sensor was applied to measure the real time oxygen 
concentration. Due to the consumption of oxygen by sodium ascorbate, at static 
state, the oxygen concentration decreased with time and eventually reached a state 
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of equilibrium.  
The real-time oxygen concentration was measured when the agitator (inner 
cylinder) was turned on. After 4 hours, when the equilibrium state of oxygen 
concentration was reached, the final oxygen concentration was recorded for the 
calculation of mass transfer coefficient.  
Figure 4.1 Schematic diagram of experimental setup; 1: Motor; 2: Computer for 
motor control; 3: Inner cylinder; 4: Outer cylinder; 5: Working fluid; 6: Micro-
oxygen probe; 7: Computer for micro oxygen probe.  
 
 
4.2.3 CFD simulation 










                                         (4.2) 
Where C is the oxygen concentration; )(rv  is the fluid velocity vector; D  is the 
diffusivity; ),( CR r  is the oxygen consumption rate due to chemical reaction. 
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Chemical reaction of oxygen uptake
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study the oxygen concentration profile in the Taylor-Couette bioreactor based on 
Equation 4.2. The software Gambit 2.1 was used to create the fluid domain and 
mesh, using dimensions representative of that used in experiment. Since the 
oxygen concentration gradient is very high, the density of the mesh near the 
boundary layer was increased to avoid iteration inaccuracies. The mesh size was 
decreased to increase the grid density until there was no improvement in the 
resulting accuracy with increasing density of the grid.  The grid dependence study 
was illustrated by the case Re=4500 where the initial grid size of the main part 
and boundary layer were 2 × 10−4𝑚 and 4 × 10−6𝑚, respectively.  Subsequently, 
the grid size was cut into half each time and checked against the convergence 
criteria. The final convergent grid size for the main part of the computational 
domain and boundary layer were 5 × 10−5𝑚 and 1 × 10−6𝑚, respectively. Due 
to the low Reynolds number in the device during experiments, turbulence was 
neglected in the modeling and the 2D swirl symmetric model was applied to 
simulate the flow pattern while the species transport and the volumetric reaction 
method were applied to simulate the oxygen transport profile inside the Taylor-
Couette bioreactor.  Transient simulation was carried out until the stage where the 






NN min  ) 
and a steady state solution was found. Saturated oxygen concentration was set as 
the boundary condition for the free surface. 
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4.3 Result and discussion 
 
4.3.1 Oxygen consumption reaction rate constant 
The total mass transfer coefficient ( AK L ) term could be introduced to describe 
the oxygen transport at the gas-liquid interface of the Taylor-Couette device. 
Henceforth, the total mass balance equation could be shown as follows:  
                                    kcVccAK
dt
dcV
L  )*(                                             (4.3) 
The term )*( ccAKL   indicates oxygen transfer rate (OTR); while the oxygen 
uptake rate (OUR) is equal to the oxygen consumption rate and denoted by 
chemical reaction ( kcVr  ).  
Where *c  is the saturated oxygen concentration, c  is the average oxygen 
concentration in the Taylor-Couette bioreactor, k is the chemical reaction rate 
constant.                                                         








K LL  )()(
**                                                      (4.4) 
Where a is the mass transfer area per unit volume of bioreactor.  With the known 
chemical reaction rate constant and measured oxygen concentration, the total 
mass transfer coefficient could be calculated. However, the oxidation of sodium 
ascorbate has different kinetics under a variety of conditions and it is sensitive to 
the pH value. Therefore, it is important to establish the reaction kinetics and the 
rate constant in our system. This can be done by sparging and waiting for the re-
establishment of static state, Figure 4.2 shows the change of oxygen concentration 
during this process. The air bubble was introduced according to the fixed 
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Reynolds number 4800 for fast mass transfer. Subsequently, the inner cylinder 
was turned off for the escape of air bubble and the oxygen concentration was 
measured accordingly when there was no more bubble in the device and the 
working fluid had reached a static state.  It could be found that the oxygen 
concentration decayed with time when the agitator was turned off. The oxygen 
concentration at final static state is shown in the upper right hand corner of the 
same figure. It is found that the oxygen concentration at this state is very low and 
already reached the lower detection limit of the oxygen sensor. The low oxygen 
concentration at static state could be attributed to the low oxygen transfer rate 
from the top surface. Since the measured dimensionless concentration is about 
0.0075 (i.e. 0.75% of the solubility), based on Eq. 4 [ kccaKL 0075.0)(
*  ], the 
oxygen transfer rate is estimated as 0.0075 k  at steady state operation. 
Since the sodium ascorbate concentration (0.1mol/L) is much higher than that of 
oxygen ( Lmol /100 ), the concentration of sodium ascorbate could be treated 
as having a constant value (pseudo-zeroth order with respect to sodium ascorbate). 
The magnitude of chemical reaction rate could be compared with that of the mass 
transfer rate:  
VANkkkcr S /0075.04.0                                        (4.5) 
Where Ns is the mass transfer rate. The value of 0.4 in equation (4.5) is an 
indicated magnitude of average oxygen concentration in the device.  It was found 
that the magnitude of oxygen consumption due to chemical reaction was much 
higher than mass transfer from the top surface at a static state; therefore, the 
decrease of oxygen concentration recorded just after an intense aeration was 
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mainly due to the reaction. The natural logarithm of oxygen concentration could 
be plotted with the time and the linear relationship obtained proves that this 
reaction follows the kinetics of a first order reaction, with a rate constant of 
141055.4  s . 
 
 Figure 4.2 Calculation of chemical reaction constant, the figure shows the decay 
of oxygen concentration when agitator was off; the figure on the right up corner 
shows the oxygen concentration at final static state.  
 
 
4.3.2 Oxygen transfer from the top surface 
As shown in Figure 4.3A, when the agitator is switched on, oxygen concentration 
increases with time and reaches an equilibrium state. It was found that the oxygen 
concentration increased sharply at first, but the slope of the oxygen profile 
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simulation results also confirmed this trend; however, it took about four hours to 
reach the equilibrium state in experiment, while it only took less than two hours in 
simulation. 
The Reynolds number could be adjusted by changing the rotation rate of the inner 
cylinder, which also caused the equilibrium oxygen concentration to change. As 
shown in Figure 4.3B, at low Reynolds number regime, the equilibrium oxygen 
concentration increased with the Reynolds number; however, when Reynolds 
number was increased beyond 3000, further increase in equilibrium oxygen 
concentration was very limited and it eventually approached a steady value. Once 
the steady state was reached, the interfacial mass transfer balanced the overall 
consumption by the reaction.  The interfacial mass transfer rate )*( ccAKL   for 
the top surface could be shown as follows: 
kcVccAKL  )*(                                                         (4.6) 
The variation of total mass transfer coefficient (
V
A
KaK LL  ) with Reynolds 
number is shown in Figure 4.3C.   Note that A is the area of the free surface and V 
is the total volume of the bioreactor. Multiplying the value of KL by (A/V) would 
not change the physics of mass transfer but it would change the value of the mass 
transfer coefficient by expressing it over the entire volume and not just the free 
surface. It was found that the change of total mass transfer coefficient follows 
approximately a first-order relation at low Reynolds number regimes. When the 
Reynolds number is further increased, the gradient of the tangent to the curve is 
decreased. The same trend was reported by Curran and Black
21
 when they studied 
the mass transfer coefficient of oxygen in a Taylor-Couette device with a long 
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aspect ratio.  Recently, Santiago et al.
18
 also reported the same trend of mass 
transfer coefficient in a Taylor-Couette bioreactor with the oxygen supplied from 
the inner cylinder. This phenomenon could be explained by the change in the flow 
pattern in a Taylor-Couette reactor when Reynolds number is different. When 
Reynolds number is very low, the flow is a simple Couette flow. In the moderate 
Reynolds number regime, Taylor vortices are formed inside the system and the 
flow is in the Taylor-vortex flow regime. The rotating vortex leads to renewal of 
the surface liquid and enhanced oxygen transfer rate. However, when the 
Reynolds number is further increased, the flow pattern will change into the wavy 
vortex or even unstable turbulent flow regime; the weakening or disappearance of 
vortices breaks up the renewal process of surface liquid and therefore reduces the 
oxygen transfer from the top surface.  
The simulation was carried out to study the effect of Reynolds number. The 
equilibrium oxygen concentration and mass transfer coefficient are shown in 
Figure 4.3B and Figure 4.3C. It could be found that the trend of simulation result 
corresponds well with the experimental results. However, the equilibrium oxygen 
concentration and mass transfer coefficient are slightly higher than that of 
experiment, especially in the low Reynolds number regime. The difference 
between the simulation and experimental results could also be attributed to the 
assumption of the saturated oxygen tension on the liquid film and simplified free 
surface shape in the simulation. This idealized condition follows the experimental 
result very well at high Reynolds number regime due to the fully mixed liquid 
film and saturated oxygen. In contrast, at low Reynolds number regime, the 
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condition of saturated oxygen is not easily achieved and thus leading to the over-
prediction on the driving force of mass transfer in the simulation as compared to 
the experiments. It is observed that the free surface is flat at low rotational speed 
and the inclination angle increases as the rotational speed increases in experiments. 
However, it is not measured in this study and a simplified free surface shape was 
used; which leads to higher mass transfer surface and higher mass transfer 
coefficient in the simulation. 
   
  
 
Figure 4.3 Oxygen transport at different Reynolds numbers; (A) oxygen 
concentration profile after agitator was turned on; (B) experimental and 
simulation result of equilibrium oxygen concentration at different Reynolds 
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4.3.3 Mass transfer correlation  
In the cell culture studies, different growth media are required for the proliferation 
and differentiation of cells. Moreover, the cell culture products (for instance PEX 
protein) could have influences on the viscosity of the growth medium. Therefore, 
it is also important to study the influence of working fluid viscosity.  To have a 
sensitivity analysis on these factors, the viscosity of working fluid was controlled 
by adding different amounts of glycerol.  
The dimensional analysis could be carried out to explore the relationship among 
three dimensionless groups characterizing the convective mass transfer, 
 ScSh Re                                                             (4.7) 
Where Sh is the Sherwood number and Sc is the Schmidt number and they were 
calculated by using the following equations:  
D
dK




                                                                       (4,9) 
Where LK  is the liquid-phase mass transfer coefficient and D  is the diffusivity of 
oxygen in the working fluid. From Eq. 9, it can be seen that the mass transfer 
coefficient is not only the function of Reynolds number, but also a function of 
viscosity. Therefore, the glycerol/water solutions with different ratios were 
applied as the working fluid to measure the relationship between the mass transfer 
coefficient and viscosity. Besides the working fluid with 8% glycerol, pure water, 
20% glycerol and 30% glycerol were also applied for study. As shown in Figure 
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4.4, it could be found that the mass transfer coefficient increases with Reynolds 
number for all of the working fluids and the mass transfer coefficient is higher in 
low viscosity fluid (water and 8% glycerol) compared with that in high viscosity 
fluid (20% and 30% glycerol). By applying the experimental data and using the 
method of multiple regressions, the following correlation equation could be 
obtained:   
99.094.0Re065.0  ScSh                                               (4.10) 
Therefore, the Sherwood number is proportional to the exponential of Reynolds 
number and inversely proportional to exponential Schmidt number, the mass 
transfer coefficients calculated from the above equation are also shown in Figure 
4. 4.  Equation 4.10 provides an empirical approach to this specific Taylor-Couette 
bioreactor and can be applied in future cell culture studies to find out the optimal 
Reynolds number and the influence of viscosity due to cell culture medium.  
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mass transfer coefficient, the mass transfer coefficient increased with Reynolds 
number but decreased with viscosity.  
 
 
4.3.4 Oxygen concentration distribution and axial dispersion 
The oxygen concentration distribution at different Reynolds numbers was also 
studied by placing the micro oxygen sensor at different heights. As shown in 
Figure 4.5, it could be found that at static state, there is no significant oxygen 
concentration gradient observed from the top surface. This observation was 
mainly due to the low diffusion rate from top surface and high consumption rate 
with sodium ascorbate. As a result, the oxygen concentration gradient only 
happened on the thin film near the top surface and not detectable by the oxygen 
sensor. When the agitator was switched on, the dominant mode of mass transfer 
changed from diffusion to convection, leading to higher oxygen concentration 
compared with static state. At moderate Reynolds numbers where the flow is in 
the Taylor Vortex flow regime, it could be seen that the oxygen concentration 
decreased gradually and was reduced to about twenty percent at the bottom part as 
compared with the top surface. The oxygen concentration gradient from the top 
surface could be attributed to the limitation of mass transfer and mixing of fluid. 
However, when the Reynolds number is further increased, the oxygen 
concentration gradient disappeared and the concentration distribution is uniform 
throughout the system. This could be an indication of strong mixing associated 
with these higher Reynolds number flows in a batch system.  
The detailed oxygen concentration distribution could be observed from simulation 
61 
 Chapter 4 
and the results are also shown in Figure 4.5. It could be found that the oxygen 
concentration distribution from simulation follows the experimental results very 
well: zero oxygen concentration at static state, oxygen concentration gradient at 
moderate Reynolds number regime and very small oxygen concentration gradient 
at the high Reynolds number regime. However, it is noticeable that the cascade of 
oxygen concentration reduction is not continuous, but occurs in discrete steps. 
The uniform oxygen concentration inside a vortex could be due to the vortex flow 
of fluid and the significant oxygen concentration difference between adjacent 
vortices could be due to the lack of the flow in the axial direction. 
In this study, the assumption of homogenized oxygen distribution was made to 
calculate the mass transfer coefficient. Based on above experimental and 
simulation data, this assumption was validated, although small oxygen gradient 
was observed.    
By applying equation 4.2, the axial dispersion coefficient could be studied based 
on the above oxygen concentration distribution. At steady state, the system could 
be simplified as a 1-D problem where the flux leading to axial dispersion was 
caused jointly by the convection on the top surface and the consumption by 
chemical reaction, therefore,  




D LA                                  (4.11) 
Where DA is axial diffusion coefficient of oxygen in the Taylor-Couette device, 
c(z) is the oxygen concentration at the z position. Equation (4.11) allows us to 
evaluate the corresponding axial dispersion coefficient DA based on the oxygen 
concentration gradients calculated by equation (4.10) for different Reynolds 
62 
 Chapter 4 
number flows.  Therefore, the axial diffusion coefficient corresponding to the case 
Re=1860 is 0.19 cm
2
/s.  In contrast, when Re=4360, the axial diffusion coefficient 
is 0.487cm
2
/s. Moore and Cooney (1995) performed the study of axial dispersion 
on the Taylor-Couette device and indicated that there was no significance to the 
axial diffusion coefficient if the aspect ratio or gap ratio was changed. In their 
study, the axial diffusion coefficients were about 0.3 cm
2
/s and 0.7 cm
2
/s when the 
Reynolds numbers were 1900 and 4400, respectively.  
 
Figure 4.5 Oxygen concentration distributions at different height; when Re=0, the 
oxygen concentration gradient only happens on a thin film near the top surface; 
when Re=1860, the oxygen concentration reduces from top surface; when 
Re=4360, no significant gradient is observed due to strong mixing of fluid.  
 
 
4.3.5 Oxygen transfer from bottom bubble 
Oxygen transfer from bottom bubble was also studied.  It is difficult to remove the 











Simulation Re=0 Experiment Re=0
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oxygen transfer was achieved by adding an air bubble in the bottom gap when the 
equilibrium state from the top surface, and the peak concentration was recorded. 
As shown in Figure 4.6A, it was found that equilibrium oxygen concentration 
increased when bottom bubble was introduced and the increment is higher with 
larger Reynolds numbers. For the case of bottom bubble introduction, the 










)(                       (4.12) 
Where )(BLaK  is the total mass transfer coefficient from the bottom bubble, 
*
oc  is 
the saturated oxygen concentration in equilibrium with the air in the bottom 
bubble. At steady state, the mass transfer coefficient from the bottom bubble could 














                                                     (4.13) 
where h is the Henry's constant, po is the oxygen tension in bottom bubble, and p 
is the saturated oxygen partial pressure.  Therefore, with the mass transfer 
coefficient of the top surface calculated from Eq. 6, the mass transfer coefficient 
of the bottom bubble could be calculated using the above equation and the value is 
shown in Figure 4.6B. It could be seen that the mass transfer coefficient of the 
bottom bubble also increased with the Reynolds number; however, it is lower than 
that of the top surface. Simulation was also carried out to study the oxygen 
transport from the bottom bubble. It was found that the trend of simulation result 
follows the experiment data very well and the deviation between them could be 
attributed to the ideal conditions applied in simulation, which were not achievable 
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in the experimental procedures. The low oxygen transfer from the bottom bubble 
compared with the top surface could be attributed to the low flow rate near the 
bottom bubble. Figure 4.6C shows the velocity contour map near the top surface 
and bottom bubble when Reynolds number is 1744. It could be found that due to 
the Taylor vortex, the fluid velocity of the liquid near the surface is 0.6 m/s and 
that of bottom surface is only 0.1m/s. Hence, the lower speed of working fluid 
near the bottom bubble leads to a lower convection and oxygen transfer rate. 
Figure 4.6D shows the oxygen contour map inside the Taylor-Couette device with 
the bottom bubble.  It could be seen that the oxygen concentration near the top 
surface is much higher than that near the bottom surface. The higher flow rate 
near the top surface leads to stronger convection of dissolved oxygen and 
therefore the mass transfer from the top surface is more significant. 
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Figure 4.6 Mass transfer from bottom bubble; A. equilibrium oxygen 
concentration with bottom bubble; B. Mass transfer coefficient from top and 
bottom surface; C. Velocity distribution near the top surface and bottom bubble; D. 
oxygen contour map inside the Taylor-Couette device with the bottom bubble  
 
4.3.6 Oxygen transfer from trapped bubble 
One significant advantage of Taylor-Couette device is that it could trap the air 
bubble inside the system; either in the vortex center or on the surface of inner 
cylinder (Deng et al, 2006). It was hypothesized that the trapped air bubble could 
enhance the oxygen mass transfer while still avoiding the shear stress caused by 
bubble breakup during conventional sparging. The bubble trapped on the surface 
of inner cylinder is mainly due to the pressure gradient caused by the Taylor 
vortex flow; and the bubble trapped in the vortex center is mainly due to the 
balance of fluid dynamic drag and the buoyancy force.  
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The effect of the trapped bubble on oxygen transfer was studied by fixing the 
Reynolds number at 1670. At this Reynolds number, the mass transfer coefficient 
from the top surface is 1.55h
-1
. The air bubble was injected into the bioreactor by 
a needle and trapped on the surface of inner cylinder and vortex center; with the 
needle size of 0.6mm and injection rate being controlled by a syringe pump. As 
shown in Figure 4.7B, if the bubble injection rate was increased, the equilibrium 
oxygen concentration would be increased linearly. The oxygen transfer from the 
trapped bubble could also be calculated in the same manner as the previous 
section. As shown in Figure 4.7C, the mass transfer coefficient of the trapped 
bubble is much larger than that of the bottom bubble and its magnitude is 
comparable with that of the top surface. When the bubble injection rate is 
increased, the mass transfer coefficient also increased very rapidly. When the 
bubble injection rate is 0.9ml/min, the mass transfer coefficient could be as high 
as 0.805h
-1
, which is more than half of that from the top surface. This predicts that 
the mass transfer coefficient from the trapped bubble can exceed that of the top 
surface and therefore is very important to oxygen transport of Taylor-Couette 
bioreactor. 
The oxygen transfer from the trapped bubble could be further increased by using 
smaller needles for bubble injection. As seen in Figure 4.7C, when the needle size 
was reduced from 0.6mm to 0.4mm, the equilibrium oxygen concentration could 
be increased. Eq. 13 implies that the mass transfer coefficient can be significantly 
increased with the reduction in needle size. When the needle size was reduced, the 
size of the trapped bubble was also reduced, while keeping the air injection rate as 
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constant. The total surface area of injected bubbles is much larger than the case 
using larger bubbles; hence, the mass transfer coefficient is significantly larger. 
Due to the increase in mass transfer coefficient with the increase of air injection 
rate, when the air injection rate is 0.9 ml/min, the mass transfer coefficient could 
be as high as 1.24 h
-1
, which is comparable to that of the top surface.  
Simulation was also carried out to study the oxygen transport from the trapped 
bubble. To avoid complicated calculations with multi-phase flow, the bubble ring 
trapped in the vortex center or near the inner wall was treated as an air ring. As 
shown in Figure 4.8, the oxygen concentration distribution could be obtained by 
simulation. Figure 4.8 A1, A2 & A3 show the equilibrium oxygen concentration 
when core bubbles are introduced to the bioreactor.  It could be observed that the 
oxygen concentration around the vortex center is very high as compared with that 
of vortex boundary. Figure 4.8 B1, B2 & B3 show the equilibrium oxygen 
concentration when wall bubbles are trapped in the bioreactor. Since the wall 
bubble could be trapped only at the low pressure center between adjacent vortices, 
and the high pressure and low pressure boundary occurred alternatively, only three 
rings of wall bubble were shown as compared to six core bubble rings. When a 
wall bubble was trapped, the oxygen concentration near the vortex boundary is 
much higher than that at the vortex center. The difference in oxygen concentration 
between the vortex center and vortex boundary could be attributed to the slow 
convection rate in the radial direction inside a vortex. The equilibrium oxygen 
concentration in the Taylor-Couette bioreactor could be significantly increased if 
both wall bubbles and core bubbles were simultaneously trapped in the system, as 
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shown in Figure 4.8 C1, C2 & C3.  Therefore, it is a good method to enhance the 
mass transfer by adding both the trapped core and wall bubbles. Due to the 
different oxygen concentration distributions between trapped core bubbles and 
wall bubbles, if the mobile particles trapped at the vortex center are applied for 
cell culture, the core bubble is recommended to supplement the bioreactor to 
enhance the mass transfer.  In contrast, if the immobilized particles trapped on the 
outer cylinder are applied for cell culture, the wall bubble is preferred to enhance 
the mass transfer.  
   
 
 
Figure 4.7 Oxygen transfer from trapped bubble; A: Trapped bubble captured by 
high speed camera (Deng et al. 2006); B: increase of equilibrium oxygen 
concentration with bubble injection; C: mass transfer coefficient of oxygen from 
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Figure 4.8 Simulation of oxygen transfer from trapped bubbles; (A1) single core-
bubble ring; (A2) six core-bubble rings; (A3) free surface and six core-bubble 
rings; (B1) single wall-bubble ring; (B2) three wall-bubble rings; (B3) free 
surface and three wall-bubble rings; (C1) free surface; (C2) six core-bubble rings 
and three wall-bubble rings; (C3) six core-bubble rings, three wall-bubble rings 
and free surface. 
 
A1 A2 A3 
B1 B2 B3 
C1 C3 C2 
Oxygen source 
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Simulation was also carried out to study the oxygen transport from the trapped 
bubble. To avoid complicated calculations with multi-phase flow, the bubble ring 
trapped in the vortex center or near the inner wall was treated as an air ring. As 
shown in Figure 4.8, the oxygen concentration distribution could be obtained by 
simulation. Figure 4.8 A1, A2 & A3 show the equilibrium oxygen concentration 
when core bubbles are introduced to the bioreactor.  It could be observed that the 
oxygen concentration around the vortex center is very high as compared with that 
of vortex boundary. Figure 4.8 B1, B2 & B3 show the equilibrium oxygen 
concentration when wall bubbles are trapped in the bioreactor. Since the wall 
bubble could be trapped only at the low pressure center between adjacent vortices, 
and the high pressure and low pressure boundary occurred alternatively, only three 
rings of wall bubble were shown as compared to six core bubble rings. When a 
wall bubble was trapped, the oxygen concentration near the vortex boundary is 
much higher than that at the vortex center. The difference in oxygen concentration 
between the vortex center and vortex boundary could be attributed to the slow 
convection rate in the radial direction inside a vortex. The equilibrium oxygen 
concentration in the Taylor-Couette bioreactor could be significantly increased if 
both wall bubbles and core bubbles were simultaneously trapped in the system, as 
shown in Figure 4.8 C1, C2 & C3.  Therefore, it is a good method to enhance the 
mass transfer by adding both the trapped core and wall bubbles. Due to the 
different oxygen concentration distributions between trapped core bubbles and 
wall bubbles, if the mobile particles trapped at the vortex center are applied for 
cell culture, the core bubble is recommended to supplement the bioreactor to 
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enhance the mass transfer.  In contrast, if the immobilized particles trapped on the 
outer cylinder are applied for cell culture, the wall bubble is preferred to enhance 
the mass transfer.  
 
4.4 Conclusions 
Previously, studies on oxygen transport were usually focused on the Taylor-
Couette device with narrow gap and long aspect ratio, and there was also a lack of 
appropriate simulations to understand the detailed flow pattern and oxygen 
concentration distribution.  
In this work, the oxygen transport inside the Taylor-Couette bioreactor was 
studied by applying a micro oxygen sensor to measure the equilibrium oxygen 
concentration. From both experiments and simulation, it was found that the mass 
transfer coefficient of oxygen from the top surface increased with Reynolds 
number and decreased with viscosity; and a mass transfer correlation was 
developed for this system. The study of oxygen concentration distribution 
confirmed that the flow pattern had strong influence on the oxygen transport. At 
steady state, mass transfer was due mainly to diffusion but with the functioning of 
the agitator, mass transfer could be attributed to convective forces, with higher 
flow rates leading to a higher mass transfer rate and also a uniform distribution of 
oxygen concentration.  
The study of oxygen transport from different surfaces was also carried out.  It was 
found that the mass transfer coefficient from the bottom bubble was not 
comparable with that from the top surface due to low convection rate.  However, 
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the trapped air bubble in the vortex center and on the inner wall could increase the 
total mass transfer coefficient significantly.  
There are still some limitations on this work due to the assumptions made to 
simplify the studies for obtaining engineering solutions. For example, the oxygen 
consumption was assumed to be uniform in the Taylor-Couette bioreactor. This 
might introduce significant errors when the amount of scaffolds in cell culture 
studies is not high and the oxygen consumption is discrete and non-uniform. In 
the simulation, the saturated oxygen concentration was assumed on the surface of 
liquid film; however, this was not easy to achieve in the experiment. Therefore, 
the driving force for mass transfer in the simulation was a bit higher than the 
corresponding experiment, leading to a shorter time to reach the equilibrium state. 
Furthermore, in the simulation, the air bubble ring was treated as a single air ring. 
Although the mass transfer area was kept the same, there could still be some 
deviations from this assumption due to different strengths of convection. This 
research project is mainly focused on the study of oxygen transport in the Taylor-
Couette bioreactor and the corresponding cell culture studies in the same device 
has been discussed in a separate study (Qiao et al, 2014) 
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Chapter 5  Production of PEX Protein from QM7 Cells 




PEX is a fragment of matrix metalloproteinase-2 (MMP-2) that contains its non-
catalytic C-terminal hemopexin-like domain and it occurs naturally in vivo as a 
MMP-2 breakdown product (Brooks et al, 1998). It is established that a 
recombinant PEX is able to disrupt angiogenesis and tumour growth in vivo, 
suggesting its potential as a new approach in treating such diseases (Brooks et al, 
1998; Seung et al, 2005). However, purified commercial PEX human recombinant 
protein is expensive; thus, it is desired to explore novel methods to mass produce 
PEX protein economically. 
Quail muscle clone 7 (QM7) is an avian myogenic cell line derived from the quail 
fibrosarcoma cell line QT6 (Antin and Ordahl, 1990). The in vitro differentiation 
of QM7 cells greatly resembles that of mammalian myogenic cell line. The 
differentiation of QM7 cells depends on the serum content; the myoblasts 
replicate in high-serum medium but in a low-serum medium they stop replicating 
and fuse into multinucleated myotubes which express genes encoding muscle-
specific proteins. These myotubes are able to survive for an extended period of 
time while synthesizing proteins in a low-serum medium, thus advantageous to 
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express recombinant protein (Lin et al., 2007). Moreover, QM7 cells can be 
transfected with the expression vector pM9PEX in high efficiency for PEX 
protein production. 
A scaffold provides the structure for cell attachment, proliferation, differentiation 
and formation of extracellular matrix secreted by the cells in the scaffold (Liu et 
al., 2007). It can also act as a carrier for cells, growth factors and biomolecular 
signals (Liu et al., 2007; Mooney et al, 1996). It is ideal for a scaffold to have the 
following properties: 3D highly porous and interconnected structure for the 
growth of cells and material transport; suitable surface for cell attachment and 
growth; mass reproducibility without the use of organic solvents (Kramschuster 
and Turng, 1996). 
Common synthetic biodegradable polymers used to fabricate scaffolds include 
polylactide (PLA), polyglycolide (PGA), their copolymers and polycaprolactone 
(PCL). Poly(lactide-co-glycolide) (PLGA), a copolymer of PLA and PGA, is 
biocompatible and biodegradable, approved by Food and Drug Administration 
(FDA) to host therapeutic devices and drugs, and is often used in the fabrication 
of porous sponges for biomedical applications (Zhu et al, 2008; 2009). Several 
methods could be applied for scaffold fabrication, such as fiber bonding, solvent 
casting and particular leaching, phase separation, microspheres adhesion, et al. 
(Thomson et al; 2000; Bao et al; 2012) However, residual of organic solvent or 
uneven pore size distribution could be disadvantages of the methods; which are 
harmful for the cell proliferation and the cell migration and oxygen transport in 
the scaffold (Zhu et al., 2009). Therefore, a supercritical CO2 gas-foaming method 
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was proposed for the scaffold fabrication. The gas foaming technique does not 
require the use of organic solvents, and process parameters can be varied to obtain 
different pore sizes and porosities. Polymer sponges fabricated using this method 
have characteristics of adequate porosity, uniform distribution of pore, moderate 
interconnectivity and reproducibility. (Zhu et al., 2009) 
The Taylor-Couette device was proposed as a bioreactor for the cultivation of 
QM7 cells in this study. The conventional Taylor-Couette device is made up of 
two coaxial cylinders that can rotate (Taylor, 1923; Davey, 1962) and it could be 
used in many practical applications, for example, reaction, filtration, and 
extraction (Davis and Weber, 1960; Sczechowski, 1995; Wereley and Lueptow, 
1999). The annular space between the cylinders can be filled with media and cells 
for application as a bioreactor (Haut et al., 2003; Curran and Black, 2005 A, 2005 
B; Santiago et al, 2011). The use of a Taylor-Couette bioreactor offers several 
benefits. Firstly, it enables an even mixing which results in a uniform nutrient and 
oxygen concentration throughout the liquid media, thus resulting in a higher mass 
transfer efficiency of the materials to the cells (Curran and Black, 2005). As cells 
are vulnerable to shear forces, the degree of mixing needs to be controlled, 
requiring a delicate balance between the effects of shear and mass transport. 
Secondly, it is easy to scale the system due to its simple geometry. Thirdly, it can 
create uniform flow regimes ranging from laminar to highly turbulent, and the 
transitions can be controlled to a large extent (Curran and Black, 2005). 
Previously, we have carried out several studies on the Taylor-Couette behavior. 
Deng et al (2006) performed a detailed study on the individual bubble behaviors 
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in a Taylor vortex, the complicated bubble behaviors such as bubble ring, 
interaction between large and small bubbles, relationship between maximum 
bubble size and Reynolds number, etc., were observed. Besides, the behaviors of 
very light particle and glass beads were also studied and the results showed that 
the dispersed phase could be trapped in the Taylor vortex; therefore suggesting a 
possible novel dynamic cultivation method of mammalian cells. The cells can be 
seeded in the scaffold first and then the scaffold can be transferred into the Taylor-
Couette device for the proliferation of cells and production of recombinant protein. 
Working under this principle the existence of Taylor vortices can trap the scaffolds 
and produce a moderate shear stress environment and enable high mass transfer 
rates. The other significant advantage of the Taylor-Couette device is that the 
layers of Taylor vortex can be a potential bioreactor for the multiple culture and 
mass production of bio-products.  This is to be investigated in the present study. 
 
5.2 Materials and Methods 
5.2.1 Materials 
 
Poly (D,L-lactic-co-glycolic acid) (PLGA 85:15) was purchased from Sigma-
Aldrich (MO, USA). The compressed carbon dioxide (CO2) was purchased from 
Soxal (Singapore Oxygen Air Liquid Pte Ltd., Singapore).  
Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Gibco (Life 
Technologies, CA, USA). Fetal Bovine Serum (FBS) was from HyClone (UT, 
USA). Penicillin-Streptomycin solution was from PAN-Biotech (Germany). 
Trypsin Ethylenediamine tetra-acetic acid (EDTA) (10×) was from PAA 
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Laboratories (Germany). Phosphate-buffered saline (PBS) solution (10×) was 
from 1
st
 BASE (Singapore). 37% formaldehyde solution was from J.T. Baker (PA, 
USA). 
Quant-iT™ PicoGreen® double-stranded DNA (dsDNA) Assay Kit, for DNA 
quantification, was a product from Invitrogen (USA). LIVE/DEAD
®
 
Viability/Cytotoxicity Kit, for LIVE/DEAD
®
 Viability/Cytotoxicity assay analysis, 
was a product from Molecular Probes (OR, USA).  
For PEX ELISA, anti-c-Myc Antibody (9E10), horseradish peroxidase (HRP) 
conjugated rabbit anti-mouse immunoglobulin G (IgG) antibody and HRP 
conjugated goat anti-rabbit IgG antibody were purchased from Novus Biologicals 
(CO, USA). Sodium carbonate was from Nacalai Tesque (Kyoto, Japan), Tween 
20 was from Sinopharm Chemical Reagent (PRC) and blocking buffer (10X) was 
from Thermo Scientific (IL, USA). Sodium bicarbonate, hydrochloric acid (37%) 
and SIGMAFAST
™
 OPD (o-Phenylenediamine dihydrochloride) tablet was from 
Sigma-Aldrich (MO, USA). 
 
5.2.2 Fabrication and characterization of PLGA sponges 
 
PLGA sponges were fabricated using a solvent-free supercritical gas foaming 
method outlined by Zhu et al. (2008) As the external surface of the foams was 
non-uniform with low interconnectivity level, it was removed with a cutting blade 
for more efficient cell seeding on the inner surface (Zhu et al, 2008). The 
fabricated PLGA foams were cut into cubes of dimensions 1 mm × 1 mm × 1 mm 
to be used as scaffolds for subsequent cell culture studies. The scaffolds were cut 
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at low temperature to avoid deformation during cutting. 
 
The morphology and pore size of the PLGA scaffolds were analyzed with the use 
of scanning electron microscopy (SEM) (JEOL JSM-5600 LV, Tokyo, Japan); and 
the internal pore diameters of the scaffold were estimated using the SmileView 
software (JEOL, Tokyo, Japan).  
 
5.2.3 Cells and cell culture 
The NIH/3T3 cell line used in this study was purchased from ATCC (Manassas, 
USA), while the QM7 cell line transfected with pM9PEX plasmid was contributed 
by Peking University School of Oncology. Both cells were cultured in growth 
medium of DMEM supplemented with 10% FBS and 1% penicillin-streptomycin 
antibiotic solution. The differentiation medium for QM7 was formulated using 
DMEM supplemented with 0.5% FBS and 1% penicillin-streptomycin antibiotic 
solution.  
 
5.2.4 Scaffold preparation and cell seeding 
The cell seeding procedure was modified based on the protocol from Zhu et al. 
(2009). The scaffolds were sterilized before cell seeding to create a clean 
environment for cellgrowth. The scaffolds were immersed in 70% ethanol in a 
covered cell culture dish and exposed to ultraviolet (UV) light in a biosafety 
cabinet (BSC) for 30 mins. The scaffolds were then air-dried in an open cell 
culture dish and exposed to UV light in the BSC for 20 mins. The remaining 
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ethanol was removed, and the scaffolds were washed twice with PBS dripped 
drop-wise onto the scaffolds. The scaffolds were incubated overnight in the 
culture medium at 37 ℃ to pre-wet them. 
The pre-wet scaffolds were immersed in 2 ml cell solution of density 200,000 
cells/ml by drop-wise addition to the scaffolds in a well plate, and gently shaken 
using a XYZ shaker (FINEPCR multi shaker FMS3, Korea) for 2 hrs at room 
temperature. They were then placed in an incubator for 4 hrs. After a total of 6 hrs 
of cell seeding process, the scaffolds were washed twice with PBS to remove 
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Figure 5.1: Schematic diagram of Taylor-Couette bioreactor; 1: Motor and 
control; 2: Outer cylinder; 3: Cell culture medium; 4: Inner cylinder; 5: Scaffold; 
6 Taylor vortex. Panel A shows the porous structure of scaffold. Panel B shows 
the bubbles trapped in a Taylor-Couette device. 
 
5.2.5 Taylor-Couette bioreactor 
 
The Taylor-Couette bioreactor used in this study was similar to the device 
used by Deng et al. (2008) and it was made up of two concentric cylinders, where 
the outer cylinder is stationary and the inner cylinder is rotating and performed as 
an agitator (Figure 5.1). The outer cylinder, made from transparent poly (methyl 
methacrylate), has a height of 70 mm and an inner radius (Ro) of 30 mm. The 
inner cylinder, made from stainless steel, has a height (H) of 60 mm and Ri of 
18.4 mm. This results in an annulus gap (d = Ro – Ri) of 11.6 mm. The aspect 
ratio of the bioreactor is calculated using  = Hliq / d, where Hliq is the height of 
the medium in the bioreactor. A constant height of growth medium (Hliq) of 60 
mm was ensured throughout the culture period by using the same amount of 
medium. The inner cylinder (i) is connected to a motor and the rotation rate is 
controlled by a computer and could be changed from 0 to 83.84 rad/s (0rpm-
800rpm). To ensure that the scaffolds could be trapped inside the Taylor vortex 
and to avoid the high shear stress at higher Reynolds number, the suitable rotation 
rate should be defined. 47.12, 52.36, and 57.60rad/s (450, 500 and 550rpm) were 
selected for preliminary screening and the quantitative result suggested that 
52.36rad/s could be the suitable rotation rate for this study.  
In the Taylor-Couette device, the Reynolds number was defined as following 
equations:  
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
dRiRe              (5.1) 
Therefore; above rotation rate corresponds to Re of 14,200, where  (DMEM 
medium with supplements) = 990 kg/m
3
 and  (DMEM medium with 
supplements) = 0.00078 Pa-s. In the experiment, the top surface was exposed to 
air; when the agitator (inner cylinder) was turned on; the oxygen transport 
happened on gas-liquid interface and provided oxygen resource for cell culture. 
As illustrated in Figure 5.1, it is also possible to construct a network of alternating 
rings of oxygen bubble and cell-seeded scaffolds in the Taylor-Couette bioreactor 
(Deng et al, 2006). The enlarged view of the porous scaffolds is illustrated in the 
panel A. In contrast, the alternating rings of bubble can be visualized in the panel 
B.  The alternating rings of scaffolds and oxygen bubbles allow for a better mass 
transfer under moderate shear stress environments resulting in cell proliferation. 
This is the novel aspect of the current study. 
 
 
5.2.6 Cell culture in Taylor-Couette bioreactor 
 
The Taylor-Couette bioreactor, including the motor, outer and inner cylinder, was 
sterilized using Ethylene Oxide (EtO) prior to the start of the experiment and 
placed into the incubator. The temperature of the incubator was maintained at 37℃ 
and the CO2 concentration was 5%. After 6 hrs of the cell seeding process and 
washed twice with PBS, the scaffolds were transferred with a sterilized tweezer 
and released close to the liquid surface in the bioreactor. The Taylor vortex in the 
bioreactor could trap the scaffold inside with the motor switched on; and the 
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bubble was injected into the bioreactor by a syringe pump with the rate of 
0.9ml/min till the bubble is saturated in the Taylor vertices. At the end of each day 
for a culture period, the cylinders were moved from the incubator to BSC and the 
fresh medium was added to replace the old medium. The scaffolds were first 
removed to fresh media, and washed twice with PBS. The cylinders were washed 
with PBS and air-dried in UV light, fresh medium was then added into the annulus 
gap and the cylinders were moved into the incubator. The scaffolds were then 
added back to the annulus gap. 
 
5.2.7 dsDNA quantification using Quant-iT™ PicoGreen® dsDNA assay 
The scaffolds withdrawn from the Taylor-Couette bioreactor and static 
environment were freeze-dried after they were washed twice with PBS, and then 
measured using Quant-iT™ PicoGreen® dsDNA assay. A lysis buffer was 
prepared to lyse the cell membranes to release DNA content of the cells. The cell 
solution samples with different cell concentrations were prepared for the standard 
curve calibration and cell numbers were calibrated with respect to the 
fluorescence intensity. In the preparation of the standard curve, the concentration 
of cell solution sample was measured using a haemocytometer to be 200,000 
cells/ml. Different concentrations were diluted or re-suspended to the desired 
value. Serial dilution was performed with PBS to obtain different concentrations. 
These points are used to produce the standard curve. 
To each standard curve samples or scaffold samples, 400 μl of lysis buffer was 
added, mixed well and centrifuged and the supernatant was removed. 400 μl of 
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 reagent was then added and mixed well.  This standard 
curve was used to determine the actual cell numbers for the scaffold samples. 
 
 
5.2.8 Confocal microscopy using LIVE/DEAD® Viability/Cytotoxicity assay 
The LIVE/DEAD® Viability/Cytotoxicity assay was used for the simultaneous 
observation of live and dead cells. Live cells are stained green by calcein AM, 
while dead cells are stained red by EthD-1. The fluorescence was viewed using a 
confocal laser scanning microscope (CLSM), which allows for the reconstruction 
of 3-dimensional images. Confocal microscopy images for different planes in the 
scaffold were obtained, and used to construct a 3-dimensional image of the 
scaffold. 
 
5.2.9 SEM analysis of scaffolds 
SEM was used to examine the presence of cells in the outer surface and inner 
cross section of the scaffolds. The scaffolds withdrawn were first treated with 37% 
formaldehyde solution to preserve the cells. They were then placed in a vacuum 
freeze-drying unit to remove any moisture present in the scaffold.  
 
5.2.10Measurement of PEX protein using PEX ELISA 
The PEX concentration was measured by the PEX ELISA, and the PEX yield was 
defined as the PEX amount produced by a single scaffold per day. The followings 
are the key steps involved in measurement of PEX protein using the PEX ELISA. 
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The PEX ELISA procedure was adapted from that used by Lin et al. (2007) A 
coating buffer of 100 mM sodium carbonate-bicarbonate buffer was prepared and 
adjusted to pH 9.0 using hydrochloric acid. A washing buffer of 0.0002% (w/v) 
Tween 20 in PBS was also prepared. OPD tablet was dissolved in 20 ml deionized 
water in the dark to give an active substrate solution. An unused DMEM 
supplemented with 0.5% FBS and 1% penicillin-streptomycin antibiotic solution 
was used as a control blank. 
Coating: Anti-c-Myc Antibody (9E10) was diluted to 5 μg/ml using sodium 
carbonate-bicarbonate buffer and 100 μL of the solution was added to each well of 
Nunc MaxiSorp® flat-bottom 96 well plate for 16 hrs at 4℃. The well solutions 
were completely aspirated and discarded, and the wells washed 5 times with 
washing buffer. 
Blocking: 300 μl of blocking buffer was added to each well, and incubated for 2 
hrs at 37 
o
C. The well solutions were completely aspirated and discarded, and the 
wells washed 5 times with washing buffer. 
Capture: 100 μl of sample was added to each well, except for OPD blank wells 
that were left empty, and agitated for 2 hrs at 37
o
C. The well solutions were 
completely aspirated and discarded, and the wells washed 5 times with washing 
buffer. 
Incubation: HRP-conjugated rabbit anti-mouse antibody was diluted 1/1,500 with 
blocking buffer. 100 μl was added to each well, except for OPD blank wells that 
were left empty, and agitated for 2 hrs at 37
o
C. The well solutions were 
completely aspirated and discarded, and the wells washed 5 times with washing 
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buffer. 
Incubation: HRP-conjugated goat anti-rabbit antibody was diluted 1/50,000 with 
blocking buffer. 100 μl was added to each well, except for OPD blank wells that 
were left empty, and agitated for 2 hrs at 37
o
C. The well solutions were 
completely aspirated and discarded, and the wells washed 5 times with washing 
buffer. 
Signal measurement: 200 μl of OPD solution was added to each well. Absorbance 
measurement was obtained at 450 nm after 30 mins, against an OPD blank, using 
a microplate reader. The ‘standard samples’ were calibrated to the absorbance 
using linear regression (assumed linear relationship), and this standard curve was 
used to determine the relative PEX protein concentration for the culture medium 
samples. The PEX yield was non-dimensionalized by the yield at day 8 of control 
group for better visualisation.  
 
5.3 Result and discussion 
5.3.1 Cell seeding of NIH-3T3 cells 
Prior to studying which scaffold is most suited for cell proliferation, it is essential 
to investigate the extent of cell seeding in the different scaffolds used for cell 
culture. This is because the efficiency of cell seeding is a determinant factor in 
cell proliferation since it precedes the cell culture process. One major variable in 
the different scaffolds is the range of pore sizes. This might affect the degree of 
cell seeding as the cell mobility within the scaffolds during the seeding process 
might differ due to the varying degree of hindrance in the scaffolds. Three types 
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of scaffolds were applied in the study, with the pore size of 18µm, 52µm and 




Figure 5.2: Proliferation of NIT-3T3 cells in scaffolds with different pore sizes. 
The scaffold with large pore size has the highest seeding efficiency and 
proliferation rate, but it is fragile and not suitable for cell culture.  In contrast, the 
scaffold with medium pore size has suitable seeding efficiency and proliferation 
rate and is chosen for the cell culture. The symbols “Control” and “Reactor” refer 
to static control and Taylor-vortex reactor, respectively. The Symbols “S”, “M” 
and “L” refer to “large”, “medium”, and “small” pore size scaffolds, respectively. 
 
The cell seeding efficiency was shown in Figure 5.2 by the data group of day 0. 
From the results it can be seen that the seeding efficiency of the scaffolds with 
large pore size was significantly higher than that of the small and medium pore 
size scaffolds. This could be because the larger pore size (~122 m-) made it 
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easier for the cells to penetrate deeper inside the scaffolds besides being attached 
to the surface alone. The size of the NIH/3T3 cells is ~18 m (Life Technologies) 
and hence it is more difficult for the cells to easily penetrate into the interior of the 
small and medium sized scaffolds.  However, they stay largely on the outer 
surface of scaffolds because of the small pore size and the limited inter-
connectivity of pores 
 
5.3.2 Growth of NIH/3T3 cell in Taylor-Couette bioreactor 
 
The proliferation result of NIH-3T3 cells for 3-day culture was also shown in 
Figure 5.2. Three scaffolds were collected every day for each group to measure 
the cell numbers in the scaffolds. As it can be seen, the cell proliferation in the 
static culture for small pore size scaffolds is significantly better than that in the 
Taylor-Vortex reactor for all days. This could be because the cells seeded onto the 
scaffolds were adherent to the outer surface of the scaffolds and did not penetrate 
deeper and propagate into the scaffolds due to the narrow interstitial spaces in the 
scaffolds (small pore size). These cells on the outer surface were subject to shear 
stress in the Taylor-Vortex bioreactor unlike those in the static culture. Hence, the 
cells were easily dislodged by the shear forces before they could be anchored to 
the surface of the scaffolds in the former.  
 
For the scaffold with large pore size, the cell number at the end of Day 2 is 
slightly more than double that at the end of Day 1. This indicates that the 
conditions for cell proliferation are ideal in the large pore size scaffolds. However, 
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it was observed that these scaffolds disintegrated into smaller fragments in the 
Taylor-Vortex reactor for a culture period of more than 2 days. The whole study 
on these scaffolds was repeated 3 times to confirm this phenomenon and 
invariably, the maximum duration of culture for which the scaffolds remained in 
full integrity was 2 days. Hence, results were only obtained for 2 days of culture, 
as it was not possible to withdraw whole scaffolds at the end of the third day. The 
reason for this phenomenon could be that the scaffolds, which are highly porous 
structures with large pore sizes, have a weak structural integrity and hence 
crumble, collapse and disintegrate into smaller fragments when subjected to the 
shear forces in the Taylor-Vortex reactor for more than 2 days. Therefore, it can be 
concluded that although the large pore size scaffolds yield a positive result in 
terms of cell proliferation in the Taylor-Vortex bioreactor (to be abbreviated as 
“reactor” from this point onwards) at the end of day 2 they would not be ideal for 
longer term culture in the reactor as the scaffolds would not be able to withstand 
the shear forces in the reactor and disintegrate into smaller fragments.  
For the medium pore size scaffold, it can be seen that the cell proliferation in the 
reactor is better than that in the static culture (to be abbreviated as “control” from 
this point onwards) at the end of day 1 and day 3. And the cell number in the 
reactor scaffolds has almost doubled at the end of day 3 as compared to day 2. 
This shows that the conditions in the reactor for medium pore size scaffolds are 
ideal for proliferation, likely due to a more efficient mass transfer of essential 
nutrients from the medium and oxygen.  
For further determination of the cell proliferation conditions, the cell culture of 7 
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days for the NIH-3T3 cells in the medium pore size scaffold were carried out. As 
shown in Figure 5.3, the number of cells in control decreased over the 7 days.  
This could be due to a lack of efficient mass transport where cells do not obtain 
sufficient nutrients for growth and cell metabolic waste was not removed 
efficiently.  
 
Figure 5.3: Cell proliferation of NIH/3T3 cells grown on medium pore size 
scaffolds after 7 days of culture. (*P<0.05).  The symbols “Control” and “Reactor” 
refer to static control and Taylor-vortex reactor, respectively. 
 
For the reactor, the number of cells decreased from day 0 to day 1, followed by a 
gradual increase from day 1 to day 7. In cell seeding on scaffolds, temporary cell 
adhesion on scaffolds occurs before permanent adhesion via secretion of ECM. 
(Zhu et al, 2009) The decrease from day 0 to day 1 could be due to the fact that 
the moderate shear stress environment in reactor did not allow for the cells to 
attach themselves permanently to the scaffold and proliferate. By day 3, the 
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attached cells had grown accustomed to the moderate shear stress environment 
and started to proliferate hence the increase in cell numbers was observed over 
subsequent days. 
 
5.3.3 Proliferation of QM7 cells 
 
The QM7 cell proliferations in scaffolds cultured in control and reactor over a 
period of 16 days were quantified. The scaffolds were cultured in the growth 
medium from days 0 to 7, and in the differentiation medium from days 8 to 16.  
As shown in Figure 5.4, the number of cells in control increased gradually from 
day 0 to day 7, with a large decrease in day 16. As there were no shearing forces 
present in the control, the cells were able to attach to the scaffold and proliferate 
over the days. The gradual increase in cell number may be due to an inefficient 
material transport where cells that were on the outer surface or had proliferated 
into the interior of the scaffold did not receive sufficient nutrients and experienced 
inefficient waste removal. After day 7 where differentiation medium was used, it 
was expected for the QM7 cells to stop growing and fuse into multinucleated 
myotubes. The large decrease in cell number in day 16 may be due to the 
inefficient mass transport in the low-serum medium. Furthermore, there were 
limited proteins in the low-serum medium, exacerbating the problem of inefficient 









Figure 5.4: Cell proliferation of QM7 cells grown on scaffolds after 16 days of 
culture, comparison between control and bioreactor. The cell number of the first 7 
days from the control group is slightly better than Taylor-vortex reactor group due 
to the low proliferation rate of QM7 cells and also the high shear stress in the 
reactor. The cell number of reactor after differentiation is significantly higher than 
control due to the high mass transfer rate of oxygen and nutrient in low serum 
medium. (*P<0.05). The symbols “Control” and “Reactor” refer to static control 
and Taylor-vortex reactor, respectively. 
 
 
For the reactor, the number of cells decreased from day 0 to day 3, before 
increasing in day 7, followed by a decrease in day 16. The decrease from day 0 to 
day 3 could be due to the fact that the moderate shear stress environment did not 
allow for the cells to attach themselves permanently to the scaffold and proliferate, 
similar to that of day 1 in NIH/3T3 culture. By day 7, the cells had grown 
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accustomed to the moderate shear stress environment and started to proliferate 
hence the increase in cell number. In day 16, the cell number decreased, similar to 
that for control. The higher cell number in day 16 for reactor suggests that this 
configuration provided a better environment for the formation of myotubes in 
low-serum medium, together with a more efficient mass transport for provision of 
nutrients and removal of waste. 
When comparing the cell proliferation of QM7 (Figure 5.4) with NIH/3T3 (Figure 
5.3) in growth medium, a similar trend is observed for samples cultured in the 
reactor. As QM7 has a slower doubling time than NIH/3T3, it was expected that 
its cell proliferation would be delayed. As discussed earlier in the section on 
NIH/3T3 cell proliferation, the number of cells decreased from day 0 to day 1, 
followed by a gradual increase from day 1 to day 7. For QM7 cell proliferation, 
the number of cells decreased from day 0 to day 3, before increasing in day 7. In 
line with expectations, both followed the same trend of a decrease in cell number 
and followed by an increase, with QM7 lagging by a few days, e.g. NIH/3T3 and 
QM7 showed an increase in cell number from day 3 and 7 onwards respectively. 
Protracted culture of QM7 in growth medium in the reactor is likely to see 
continuous increases in cell number, as predicted by NIH/3T3 cell proliferation. 
 
5.3.4 Analysis using LIVE/DEAD® Viability/Cytotoxicity assay 
Using the LIVE/DEAD® Viability/Cytotoxicity assay, live cells are stained green 
while dead cells are stained red when viewed under CLSM. The intensity of the 
colour represents the amount of live/dead cells, and yellow (= green + red) 
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represents the projection of both live and dead cells together. The LIVE/DEAD 
assay is a qualitative approach that characterizes the distribution of live and dead 
cells in the scaffold.  
From the confocal images given in Figure 5.5, on day 0 after the cell seeding, it 
can be seen that the scaffold was composed of mainly live cells and minimal dead 
cells. The live cells were found on the outer surface (as shown by the bright green 
on the outer surface), and almost none in the cross-section (as shown by the dark 
regions in the cross-section panel). This was expected as the 6 hrs duration of cell 
seeding process helped the cells to attach themselves to the outer surface 
temporarily only and not to the scaffold interior. Cell proliferation into scaffold 
interior is dependent on cell growth over subsequent days. 
At the end of day 1, the amount of live cells (featured in the live projection panel) 
for both control and reactor seemed similar. This is in agreement with the 
PicoGreen assay results where the cell numbers were similar. Similar to day 0, the 
live cells for both control and reactor were concentrated on the outer surface 
(featured in the outer surface panel), and little in the cross-section (featured in the 
cross-section panel). There were significantly more dead cells in the reactor than 
control, shown by the larger red regions in the dead projection panel. The yellow 
regions on the outer surface of reactor (featured in the outer surface panel) 
showed that the dead cells were concentrated there. This could be because the 
shear stress generated by rotation killed some cells which were attached on the 
outer surface of the scaffold. 
 
94 
 Chapter 5 



















































 Chapter 5 
Figure 5.5: LIVE/DEAD confocal images of scaffolds. The dead cells are 
concentrated on the surface of control group while the live cell could grow in the 
interior of reactor group.  The symbols “Control” and “Reactor “ refer to static 
control and Taylor-vortex reactor, respectively.              
 
 
At the end of day 3, there were more live cells in the control than the reactor, as 
seen from the brighter green colored region in the live projection for the control 
case. This agrees with the PicoGreen assay results where the cell numbers for 
control were larger than reactor. For both cases of control and Taylor-vortex 
reactor, the live cells were still mainly concentrated on the outer surface. But 
somelive cells could be observed in the cross-section for the reactor. As with day 
1, there were more dead cells in reactor than control, which occurred mainly on 
the outer surface.  
At the end of day 7, the live cells in reactor had proliferated towards the interior 
of the scaffold, while the control had not yet developed to this stage (featured in 
the cross-section panel). Similar to day 3, there were more dead cells in the 
reactor than the control, mainly on the outer surface (featured in the dead 
projection panel).  
The confocal result shows that the cell could proliferate in the interior of the 
scaffold when the scaffolds were in the reactor; however, the cell could only grow 
on the outer surface of the control scaffold due to the limitation of the oxygen and 
nutrient transport. It is noticeable that the cells were sensitive to the shear stress 
and dead cells were observed on the outer surface of the scaffold for the reactor 
group; however, the scaffold could protect the cells in its interior from the shear 
stress.  
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5.3.5 Analysis using SEM  
SEM images of QM7 cells cultured on scaffolds over a period of 16 days, on the 
































Figure 5.6: SEM images of scaffolds. The cells mainly grew on the surface of the 
scaffold in the control group; but the cells could also grow in the interior of the 
scaffold in the reactor group. At day 16, the morphology of the scaffold was 
deformed due to the growth of the cells and the degradation of the scaffold.  The 
symbols “Control” and “Reactor “ refer to static control and Taylor-vortex reactor, 
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respectively. 
 
At day 0 after cell seeding, the outer surface of the scaffold was covered by cells, 
with none in the inner surface. This is similar to the confocal results obtained 
from LIVE/DEAD assay. The short duration of cell seeding process helped the 
cells to attach temporarily to the outer surface only and not to the scaffold interior. 
At the end of day 1, it can be seen that both control and reactor groups had cells 
present on the outer surface, with minimal cells in the interior. On the inner 
surface, the cells were found near the outer edges.  On day 3, similar to day 1, the 
scaffolds had most of the cells present on the outer surface, and little on the inner 
surface. In the inner surface images, the cells grew further from the outer edges 
towards the interior when cultured in the reactor as compared to control, 
suggesting improved efficiency in material transport in the reactor.  By day 7, a 
cellular layer had formed on the outer surface of both control and reactor, 
resulting in cell numbers greater than previous days. The reactor had an 
appearance of more interior cells than the control group, which also suggested the 
better efficiency in material transport in the reactor. For day 16, the result showed 
a confluent cell layer on the outer surface of both control and reactor. On the inner 
surface, the cells show a greater density in the reactor group. 
The SEM images suggest that cell proliferation occurred on the outer surface of 
scaffolds cultured in control and reactor, seen from the development of the degree 
of cell confluence over days. The use of Taylor-Couette bioreactor encouraged 
cell proliferation towards the interior of the scaffold, possibly due to its ability to 
transport nutrients to scaffold interior and removal of waste from cells. These 
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results are consistent with the findings from confocal images.  
 
5.3.6 Production of PEX protein 
 
The QM7 cells were seeded in the scaffold and cultured for 16 days. The scaffolds 
were cultured in the growth medium from days 0 to 7, and in the differentiation 
medium from days 8 to 16. PEX ELISA was applied to measure the PEX 
concentration in the growth medium. 
The growth medium was collected daily and the media after day 1, day 7, day 8, 
day 12 and day 16 were measured by ELISA.The result showed that the PEX 
concentration was beyond the detection lower limit after day 1 and day 7. As the 
scaffolds were in growth medium, myotubes formation and protein production 
should be low. Although Antin & Ordahl
3
 showed that 8% of cells at confluency 
in the growth medium could form myotubes; the PEX concentration was very low 
and below the detection limit.  
The PEX concentration could be detected starting from day 8 onwards and the 
PEX mass per scaffold could be calculated. As can be seen in Figure 5.7, the PEX 
yield was non-dimensionlized by the yield of day 8 control for convinience in 
comparison. The normalised PEX mass per scaffold remained very low for the 
control group throughout, while those for reactor were greater and the yield was 
about 40 times. This suggests that the reactor had a siginficant potential for mass 
production of PEX protein. The higher values for reactor, as with PicoGreen assay, 
were likely due to the more efficient mass transport and an environment 
supporting myotubes formation, espacially when the supply of nutrient is limited 
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due to the low serum medium. The result also showed an increase of PEX yield of 
the reactor group over the days. Lin et al. (2007) established a positive correlation 
between the extent of QM7 cells differentiation and PEX yield; large myotubes at 
later days produced higher PEX yields. This experimental results agreed with their 
finding, as seen from the increase over days. 
 
Figure 5.7: Production yield of PEX from QM7 cells grown on medium pore size 
scaffolds after 16 days of culture. The PEX yield of reactor is about 40 times of 
control. (*P<0.01).  The symbols “Control” and “Reactor” refer to static control 




In this study, 2 different cells (NIH/3T3 and QM7) seeded onto medium pore size 
PLGA sponges, were cultured in a static control environment and in the Taylor-
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Couette bioreactor, respectively. The PLGA sponges were fabricated using a 
solvent-free supercritical gas foaming method. 
The NIH/3T3 cell proliferation study showed that the scaffolds with medium pore 
size have appropriate mass transfer rate and mechanical strength. The scaffold in 
the bioreactor had higher cell numbers in days 3 and 7 than control. The Taylor 
vortices present in the Taylor-Couette bioreactor improved mass transport of 
nutrients and oxygen supply to cells and cell metabolic waste removal. These 
improved the proliferation ability of the cells grown in the bioreactor. In spite of 
this, the cell numbers for bioreactor on day 1 was lower than control, as cells were 
unable to attach themselves permanently to the scaffold outer surface and the 
strong shear stress could kill the cells.  
The QM7 cell proliferation study yielded similar trends as NIH/3T3 for the 
bioreactor – first a decrease in cell number after seeding, then an increase. The 
trend for QM7 lagged behind NIH/3T3, which was expected as QM7 had a slower 
doubling time. The PicoGreen assay for QM7 also showed a higher cell number in 
day 16 for the bioreactor, thus suggesting that it provided a better environment for 
the formation of myotubes in low-serum medium, with its more efficient mass 
transport. LIVE/DEAD confocal results showed that cells cultured in static 
control and Taylor-vortex reactor were mainly concentrated on the outer surfaces 
of scaffolds. In addition, the bioreactor enhanced the proliferation of cells towards 
the scaffold interior, attributed to its more efficient mass transport. This finding 
was also supported by SEM images. 
PEX ELISA results showed a much higher PEX mass production rate per scaffold 
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for bioreactor than control. There exists promising potential for the use of Taylor-
Couette bioreactor in the mass production of PEX protein from transfected QM7 
cells seeded in the scaffold; this highly improved production efficiency might 
reduce the high price of the cancer treatment drugs. The improved cell 
proliferation also suggested that the Taylor-Couette device has the promising 
potential as a bioreactor to culture other mammalian cells for the production of 
biochemical products or tissue engineering. 
There are still some limitations in the current study. 1) Study were carried out in 
the scaffolds with 3 different pore sizes; more experiments will be carried out in 
the future with varies scaffolds for optimization of pore size, and the mass transfer 
inside the scaffold and between the scaffold and medium will be also studied; 2) 
The cultivation of QM7 cells were carried out for 16 days; however, due to the 
low proliferation rate, the total cell number was small compared with NIH-3T3 
result. Further experiment of long-term cell culture should be carried out. 3) The 
PEX yield of static culture is much lower than that in Taylor-Couette bioreactor. 
The low mass transfer rate of PEX from the scaffold center to the solution could 
be another reason, besides the advantage of Taylor-Couette bioreactor. Extraction 
and purification of PEX from both static and reactor culture should be carried out 
in the future. 
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Chapter 6 Droplet behavior in a Taylor vortex 
 
6.1 Introduction 
Extensive studies have been carried out to investigate fluid dynamics, 
mass/heat transfer and applications of Taylor-Couette devices (Taylor, 1923; Zhu 
et al., 2000; Davis and Weber, 1960). One such example is the multiphase system 
involving the working fluid and at least one dispersed phase, which recently gains 
increasing attention due to the fruitful phenomena observed and its potential 
application in industrial processes. The dispersed phase can be solid particles 
(Wereley and Lueptow, 1999; Ashwin and King, 1997; Rudman, 1998; 
Broomhead and Ryrie, 1998), air bubbles (Djeridi et al., 1999; Djeridi, 2004; 
Deng et al., 2006; Byk et al., 2007), or an immiscible liquid. Prakash et al. (2013) 
observed the behavior of multiple air bubbles in a Taylor-Couette and proposed a 
mathematical solution. Canedo et al (1993) studied the deformation behaviors in 
simple shear flow. However, the research work on liquid-liquid systems usually 
focuses on the macroscopic flow patterns. For example, Campero and Vigil (1997) 
studied the spatiotemporal patterns in liquid-liquid Taylor-Couette-Poiseuille 
device and reported three different flow patterns: banded structure, homogeneous 
flow and the flow contain both regime of banded and homogeneous structure 
(Campero and Vigil, 1999). Ravelet et al. (2007) examined the liquid-liquid 
dispersion in a turbulent Taylor-Couette flow and reported its long-term behaviors. 
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Zhu and Vigil (2001) studied the banded liquid-liquid flow in a Taylor-Couette 
device by both experiment and computational simulation and proposed an 
equation to predict the arising of banded flow. Sathe et al. (2010) investigated the 
liquid-liquid flow in a vertical Taylor-Couette contractor and observed different 
multiple phase behaviors including segregated flow, banded dispersion and 
homogeneous dispersion. Compared with the large amount of research done on 
the macroscopic properties of multiphase flow, less effort has been devoted to the 
systematic investigation of behaviors of individual droplets in such systems. 
Joseph et al. (1984) studied the flow of immiscible fluids and reported the 
behavior of multiple droplets in oil phase. Renardy and Joseph (1985) reported 
the influence of viscosity, density and surface tension to the behavior of two-
phase Couette flow. Beside the behavior of multiple droplets and banded flow, 
Joseph et al. (1990) studied the chaotic trajectory of a small oil droplet in water in 
Taylor-Couette flow. 
From the point of view of industrial applications, Taylor-Couette device 
has been proposed as a liquid-liquid extractor; therefore, it is important to study 
the mixing and mass transfer behavior between two liquid phases. Davis and 
Weber (1960) found that the mass transfer is efficient in such extractors when the 
dispersed phase is blended into the vortices. Baier and Graham (1998) 
investigated the liquid-liquid flow with pairs of sufficiently viscous liquid in a 
Taylor-Couette device, which was later applied as an extractor with good 
extraction performance (Baier et al., 2000). Forney et al. (2007) designed a 
prototype of Taylor-Couette extraction device and studied the stage efficiency. 
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Dluska and Markowska (2009) developed a liquid-liquid contractor based on 
Taylor-Couette device and the emulsion with small droplet size could be obtained 
as a result of the excellent mixing of the two phases in the vortices. Since mass 
transfer is strongly enhanced by the huge interfacial area provided by the 
dispersed droplets, the study on droplet behavior in these devices can benefit 
those processes occurring inside. 
In the present study, we conducted an experimental study on the behavior 
of individual droplets of water and ethanol in a Taylor vortex generated in the 
working fluid of mineral oil. The purpose is to understand the behavior of these 
droplets subjected to stable Taylor vortex flow. A high-speed video camera was 
used to monitor the motion and morphology of the droplets. In the case that the 
big ethanol droplet broke into very small droplets, a phase Doppler particle 
analysis (PDPA) system was adopted to track the droplet size change in the entire 
process.    
6.2 Materials and methodology 
The mineral oil and ethanol (99%) were purchased from Sigma-Aldrich. 
The water was clean DI water. The properties of these fluids are shown in Table 1. 
The experimental setup for this study was similar to that used by Deng et al. (2006) 
As shown in Figure 6.1, a rotating inner cylinder (Ri = 18.4 mm, H = 60 mm) and 
a stationary outer cylinder (Ro = 30 mm, L = 90 mm) form an annular gap of 11.6 
mm in width d, corresponding to an aspect ratio (Γ = H/d) of 6.06 and a radius 
ratio (η =  Ri/Ro) of 0.613.  
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Table 6.1: Properties of fluids used in the experiment (25 ºC) 
The inner cylinder was made of stainless steel and was driven by a motor. 
The rotational speed of the motor ranged from 0 to 800 rpm and the high viscosity 
of the mineral oil used ensured laminar flow in the full speed range. The Reynolds 
number of this system can be measured by 


















0.860 0.066 29.8 - 
Water 0.998 0.89×10
-3
 72 49 
Ethanol 0.798 1.096×10
-3
 22 0.02 
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Figure 6.1 Schematic diagram of the experimental setup. (1) Motor, (2) Computer 
for motor control, (3) Inner cylinder,(4) Outer cylinder,(5) Working fluid, (6) 
High speed video camera, (7) Computer for high speed video camera, (8) Droplet, 












6, High speed camera;




10, Receptor for PDPA;
11, Signal analyzer;
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Computer for PDPA. Panels A and B are the bottom views showing the position of 
the droplet in the angular coordinate system. The dashed circles indicate the inner 
and outer cylinders. 
 
Corresponding to the above range of motor rotational speed, the achievable 
Reynolds number in this device was from 0 to 230. As shown by Eq. (1), the 
possible error in calculating Reynolds number may come from the motor speed 
fluctuation, the temperature variation which affects both density and viscosity 
evaluation, and the inaccuracy in gap width due to the off-center inner cylinder. 
Efforts were made to minimize the uncertainties mentioned above. The critical 
Reynolds number for the transition from Couette flow to Taylor vortex was 
experimentally determined to be 79. On the other hand, the transition to wavy 
vortex flow was reported to happen at much higher Reynolds number (in excess 
of 1500) for this short-column system (Edwards et al., 1991) and therefore the 
vortex was always stable in this study.  Six vortices were observed in the gap, and 
the experiments were only carried out inside the second vortex from top to 
minimize any possible end effect caused by the short aspect ratio of the device. 
The other cylinder was made of Plexiglas with the same refraction index of the 
mineral oil, and was immersed inside a Plexiglas square box. In order to minimize 
optical distortion due to differences in refractive indices of the mineral oil and air, 
the square box was filled with the same mineral oil. The gap width between the 
bottoms of the inner cylinder and the outer cylinder was fixed at 10 mm (~0.86d).  
In the experiments, the water or ethanol droplet was injected into the 
Taylor-Couette device at static state by pipette, with the liquid volume of 20, 25 or 
108 
 Chapter 6 
30 μL, corresponding to an equivalent diameter of 3.37 mm (0.29d), 3.63 mm 
(0.31d) and 3.86 mm (0.33d), respectively. The tip of the pipette was placed near 
the center of the second vertex from top. Because the droplet volume was 
negligible compared to the working fluid, its introduction did not significantly 
alter the flow pattern, as confirmed by our particle image velocimetry (PIV) 
measurements. Immediately after the droplet was released, the motor was turned 
on and the inner cylinder started accelerating until it reached the preset rotational 
speed. Due to the trapping of formed Taylor vortex, the droplet stayed in the 
vortex and moved along the annulus. However, the droplet may deform from the 
usual spherical shape in the gap and therefore volume is a more appropriate 
parameter here to characterize the droplet size rather than the commonly used 
diameter.  
 
The particle Reynolds number for droplets, defined as the ratio of inertial forces to 





Re .                                                                                       (6.2) 
If the viscous force is dominant (in the Stokes regime), the droplet follows the 
liquid flow well; otherwise the droplet trajectory may significantly divert from the 
flow streamlines. Based on the data in Table1, it could be found that the 
magnitude of particle Reynolds number is 10; and therefore, the droplet may be 
considered to roughly follow the flow of surrounding fluid. 
A FASTCAM MC2.1 high speed camera (resolution of 512×512) from 
Photron Company (Japan) was used to capture the motion and morphology of the 
109 
 Chapter 6 
floating droplet from either the side or the bottom. The shutter time was fixed at 
1/2000 second and the frame rate was fixed at 2000 frames per second. The image 
data were analyzed by the PFV Ver.327 software package, from which the 
position, velocity and deformation of the droplets could be analyzed. For example, 
the position of the droplet center regarding the axis of the inner cylinder could be 
directly measured from the image (Panels A and B in Figure 6.1), and the droplet 
velocity was then calculated from the derivative of the position in both radial and 
axial directions. Because the droplet image taken from the side was partially 
blocked by the opaque inner cylinder, the as-collected information (for example, 
the periodic droplet movement in the vertical direction) was not analyzed in 
details. The videos captured from the bottom, however, were then investigated 
carefully for qualitative characterization of the droplet behavior in the Taylor 
vortex.  
During the investigation of ethanol droplet breakage, the size of small 
droplets formed can be as small as 5 microns. In this case, the high speed video 
camera was unable to monitor the droplet behavior. As an alternative, a Phase 
Doppler Particle Analysis (PDPA) System from TSI Company (Shoreview, 
Minnesota, USA) was used to characterize the droplet size distribution in the 
Taylor-Couette device. This system included a fiber drive (FBD240-R), receiver 
(RCV208), real-time signal analyzers (RSA3100-P&L), transmitter (XMT204-2.2) 
and system software Data view 1.1. Four laser beams were emitted from the 
transmitter, which formed the control volume containing the target droplet. The 
receiver, which was set at an angle of 135
o
 with the transmitter, could receive the 
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four refracted laser beams. The information carried by the beams was analyzed by 
the signal analyzer and the software helped to calculate the droplet size and 
droplet velocity in the locale of intersection by comparing the frequencies of the 
emitted and received laser beams. The PDPA system was able to track droplets 
with the size of 1-35 μm and therefore it can help monitor the breakage and 
coalescence of ethanol droplet.  
 
6.3 Result and discussion 
6.3.1 Trajectory of water and ethanol droplets 
Since water is heavier and ethanol is lighter than the working fluid, the 
water and ethanol droplets would sink to the bottom or rise to the top of Taylor-
Couette device, respectively, at the static state. However, when Taylor vortices 
form in the device, the associated pressure gradient and drag force can effectively 
trap the droplets inside the Taylor vortex and as a result the droplets move along 
the annulus instead of moving to the top or bottom. Water and ethanol were 
selected in the study due to their differences in not only density but also interfacial 
tension with the working fluid. For example, the capillary number (Ca= γGdμ d / ) 
of ethanol (1.34 at Re=187) is much larger than water (5.5×10
-4
 at Re=187). As a 
result, the motion of water droplet is mainly dominated by interfacial tension but 
viscous force also has some influence to the droplet; and water droplet was 
slightly deformed due to viscous force but keep as single one due to interfacial 
tension; while that of ethanol droplet is dominated by viscous force  and it was 
destroyed. 
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Figure 6.2: Trajectories of water droplet (A-C, droplet volume: 25 µL) and 
ethanol droplet (D-F, droplet volume: 25 µL) in a Taylor vortex (bottom view). (A) 
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Figure 6.2 shows the trajectories of water and ethanol droplets in the 
annulus at different Reynolds numbers. Here X and Y are the two displacement 
components from the center of the inner cylinder normalized by radius of the 
outer cylinder Ro respectively. Note that in the case of droplet moving in a 3D 
manner, the high speed video camera applied from bottom can only capture the 
2D projection of the droplet trajectory on the radial-azimuthal plane. 
When the Reynolds number is low (Re = 122), the water droplet is trapped 
near the vortex center, with equal distance to the center of the inner cylinder at 
any time. Therefore, the 2D trajectory of the water droplet captured from the 
bottom is a circle (Panel A). For a higher Reynolds number of 163, the water 
droplet exhibits a three-dimensional toroidal motion along the annulus (which is 
termed as ‘dancing’ in this paper). Consequently the bottom view of the droplet 
trajectory has the shape of an ellipse as shown in Panel B. This dancing motion 
continues for even higher Reynolds number (Re = 217). The evolution of ethanol 
droplet trajectory with the increasing Reynolds number follows a totally different 
trend. For example, when Reynolds number is 122, the projection of the droplet 
trajectory on the horizontal plane is an oval obit (Panel D). With a Reynolds 
number of 213, the droplet is trapped at the vortex center and therefore its 
trajectory along the annulus is a circle (Panel F).  
The variation of radial position could be seen more clearly in a polar 
coordination system, as shown in Figure 6.3. Here the radial position R is defined 
as the distance to the inner cylinder wall normalized by the gap width d, therefore 
R equals to 0 and 1 at the walls of the inner and outer cylinders, respectively. At a 
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low Reynolds number of 122, the water droplet always stays at R = 0.4. When the 
Reynolds number is increased to 163, the water droplet exhibits a periodic 
dancing behavior with the radial position varying between 0.2 and 0.45. The 
periodicity of such dancing motion is much clearer at Re = 217. Differently, the 
periodicity is always obvious for ethanol droplet, as shown in Figure 6.3B. When 
Reynolds number is 187, the radial position reaches two peaks (corresponding to 
the major axis of the oval orbit shown in Figure 6.2D when the ethanol droplet 
travels for one round along the annulus. If the difference between the largest and 
smallest radial position is defined as amplitude of the trajectory, then it is 
noticeable that this amplitude decreases with the increasing Reynolds number. For 
example, it equals to 0.48, 0.29 and 0.14 for Re = 187, 197 and 213, respectively. 
It can be expected that the amplitude will finally approach zero when the 
Reynolds number further increases, corresponding to that the ethanol droplet is 
































































Figure 6.3: Radial position of water droplet (A, droplet volume: 25 µL) and 
ethanol droplet (B, droplet volume: 25 µL; C, Re = 187) trapped in a Taylor 
vortex for three successive cycles. 
 
The effect of ethanol droplet size on the droplet behavior was also studied, 
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187 and the droplets size was changed from 20 L to 25 L to 30 L, 
corresponding to the diameter (normalized by gap width) of 0.337, 0.362 and 
0.386, respectively. It can be seen that the trajectory shape does not change much 
with the increasing droplet size, but the period and amplitude do. The droplet of 
30 L has the largest amplitude and longest period while the one of 20 L has the 
smallest amplitude and shortest period. The different droplet behavior could be 
attributed to the inertia posed by the droplets of different sizes. A larger droplet 
has higher inertia and is more difficult to be accelerated and decelerated. 
Consequently, it takes longer time (period) and larger distance (amplitude) to 
complete one cycle of motion change.  
The different dependence of trajectory on Reynolds number between water 
and ethanol droplets may be explained by their relative densities to the working 
fluid. Water is heavier than mineral oil, so it needs centripetal force from the 
working fluid to maintain its circular trajectory along the annulus. This is satisfied 
at low Reynolds numbers (Re = 122). At high Reynolds numbers (for example, Re 
= 217), the mineral oil cannot overcome the centrifugal force of the water droplet 
moving at high speed. Consequently, the water droplet is thrown away to the outer 
cylinder and then pushed back to the inner cylinder, exhibiting the three-
dimensional toroidal motion. The situation for the ethanol droplet is exactly the 
opposite: the lighter droplet tends to be pushed towards the inner cylinder and 
only at high Reynolds numbers (Re = 213) can the droplet always stay near the 
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6.3.2 Breakage and coalescence of ethanol droplet  
In our experiments, the droplet was introduced into the static working fluid 
before the inner cylinder was started to rotate. Figure 6.4 shows the evolution of 
an ethanol droplet subjected to such a ‘sudden-start’ operation. In the static state, 
the ethanol droplet was almost spherical due to interfacial tension (Panel A). After 
the inner cylinder started rotating, the droplet was elongated near the inner 
cylinder (Panel B), which can form a liquid ring in the annulus as long as more 
than one round in the annulus. Correspondingly, the diameter of the elongated 
droplet became very small. As can be seen in Panel C, the thin liquid ring became 
unstable after it stretched to several rounds around the inner cylinder. It had been 
so thin that the liquid ring started to break into small segments. The segments 
could be further destroyed into tiny droplets by the shear stress from the working 
fluid, which then might be trapped inside a Taylor vortex (Panel D). The breakage 
was not observed to happen for the water droplets. This is not surprising if we 
consider that the Eötvös number (ratio of buoyancy force to surface tension force) 
for ethanol droplet is about 1100 times of that for water droplet of the same size, 
and therefore the former is much easier to change its shape under the action of 
external forces.   
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Figure 6.4: Morphology evolution of ethanol droplet after the motor is suddenly 
started. Droplet volume: 25 µL, Re = 213. Here the dashed lines show the inner 
(IC) and outer cylinders (OC) for better visualization. (A) Ethanol droplet shows a 
spherical shape before the motor is turned on. (B) The droplet is soon elongated 
significantly along the annulus. (C) After the droplet is stretched to a certain point, 
it starts to break into small droplets. (D) The original droplet totally disappears 
and lots of small droplets can be observed in the working fluid. (E) When the 
working fluid reaches the steady state, the small dropets start to coalesce into 
bigger droplets. (F) Finally a single ethanol droplet is formed again in the annlus. 
 
The droplet breakage can be attributed to the competition between the shear 
stress and the interfacial tension (Jansen et al. 2001). During the acceleration and 
deceleration, the relative velocity between the droplet and the surrounding fluid is 
high, resulting in a strong shear stress on the droplet, which causes the droplet to 
deform or even break. On the other hand, the interfacial tension between the 
droplet and working fluid helps to preserve the spherical shape of the droplet and 
minimize its surface area. For the same ‘sudden-start’ process, the shear stress 
may be considered similar for both water and ethanol droplets. However, the 
interfacial tension between water and mineral oil is about 49 mN/m at 25 °C (Kim 
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and Burgess, 2001), while that between ethanol and mineral oil is about 0.02 
mN/m at 20C (Mei and Chen, 2007).  As a result, the ethanol droplet exhibits a 
much more significant deformation and breakage than the water droplet during the 
acceleration process. To confirm the above mechanism, surfactant was added into 
the water-mineral oil system to weaken the interfacial force and as a result the 
elongation-breaking behavior was also observed. This shows that the low 
interfacial tension between the dispersed and continuous phases is the key factor 
for this phenomenon to appear.  
If the Reynolds number is less than 185, the tiny droplets formed after 
breakage of the big droplet can gradually diffuse into other vertices until they are 
uniformly distributed in the working fluid. If the Reynolds number is larger than 
185, a very different phenomenon can be observed. The small droplets from the 
destroyed liquid ring coalesce into a big droplet again, as shown in Figures 6.4E 
and 6.4F. In order to understand the coalescence process, PDPA was adopted to 
measure the real-time droplet size distribution at Re = 217, with the results shown 
in Figure 6.5. Within 2 minutes after the agitator was turned on, the original 
droplet might already deform, but no droplets with the size of 1-35 m were 
observed (Stage I). Beyond that, the number of dispersed small droplets increased 
rapidly, especially after 5 minutes when huge amount of droplets of less than 15 
m in size formed (Stage II). However, the total number of droplets reduced 
rapidly after 7 minutes (Stage III) and all the small droplets disappeared after 
about 10 minutes, with the single visible large droplet re-appeared in the device 
(Stage IV). 
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Figure 6.5: Droplet size distribution measured from PDPA during the breakage-
coalescence process of ethanol droplet. Re = 213. 
 
The coalescence of ethanol droplets happens when the acceleration process 
is almost completed. By then, the velocity difference between the droplet and its 
surrounding fluid is much smaller than that at the beginning of ‘sudden-start’. 
Therefore, the shear stress on the droplet is relatively low and the interfacial force 
starts to take control, which promotes minimizing surface area by droplets 
coalescence and morphology adjustment. At low Reynolds numbers, the as-
formed tiny droplets have already diffused into other vortices as well as the whole 
working fluid and would not coalesce into one big droplet, as a result of the low 
chance of collisions between each other. At high Reynolds numbers, however, all 
the droplets are confined in one vortex during the breakage due to the strong 
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the small ones traveling in the orbit until a single big droplet is left in the gap.  
A review of the droplet breakage-coalescence process suggests that the 
ethanol droplet takes an uncommon approach to reach high velocity during the 
‘sudden-start’ operation. By breaking the original droplet, the small droplets 
formed have low inertia and follow the working fluid better, resulting in a shorter 
acceleration time. When the droplets approach the target velocity, they coalesce 
into a single droplet of the same volume as the original but with an already 
accelerated speed.  Since the interfacial force increases with the decreasing 
droplet size, it is amazing that the droplet can break into numerous tiny droplets 
with the size down to 1 micron, showing that the shear stress is very strong during 
droplet acceleration.  
 
 
6.3.3 Morphology of water and ethanol droplets 
Different from solid particles which have a fixed boundary, bubbles and droplets 
can deform as result of external forces. Our previous work (Deng et al., 2006) 
showed that the bubbles usually maintain spherical shape due to the low shear 
stress and high surface tension of working fluid used (30.47 mN/m for mineral oil 
at 20 °C) (Mei and Chen, 2007). In the liquid-liquid system, however, the droplet 
spherical at static state can deform significantly when moving along the annulus, 
as shown in Figure 6.6. Both the water and ethanol droplets show an ellipsoid 
shape in their orbits, with the major axis aligned along the moving direction. 
Compared to the spherical shape, such morphology is considered to pose minimal 
resistance to the motion of droplet. On the other hand, the shear stress 
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experienced by the droplet varies at different locations (denoted by angle traveled 
by the droplet), and therefore the droplet morphology shows a periodic change 
correspondingly. For the same level of shear stress change, since the interfacial 
tension between ethanol and mineral oil is much smaller, the deformation of 
ethanol droplet is more significant compared with water droplet. 
 
 


















Figure 6.6: Deformation of water droplet (A, droplet volume: 25 µL) and ethanol 
droplet (B, droplet volume: 25 µL) at different angles in the annulus. The 





























Figure 6.7: Variation of length-to-diameter ratio for water droplet (A, droplet 
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For an ellipsoid droplet of constant volume, the length-to-diameter ratio 
may be a good parameter to characterize the deformation of droplets. Here the 
length-to-diameter ratio is simply calculated by comparing the measured lengths 
of the major axis to the minor axis. The ratio equals to 1 for spherical droplets and 
a higher ratio corresponds to a more significant deformation. As shown in Figure 
6.7, when the water droplet is trapped at the vortex center at Re = 122, the 
variation of length-to-diameter ratio is rather small. However, when the Reynolds 
number is increased beyond a critical value such that the droplet displays a 
dancing behavior (Re = 163 and 217), the ratio varies significantly along the 
annulus. To characterize the variation, the standard deviations for the three curves 
in Figure 6.7A were calculated to be 0.23, 0.30 and 0.54 for Re = 122, 163 and 
217, respectively. This means that the droplet deformation becomes more 
significant with the increasing Reynolds number. For the ethanol droplet, the 
calculated standard deviations for Re = 122, 197 and 213 are 3.18, 1.60, 0.73, 
respectively, much higher than those for the water droplet. Similar to the water 
droplet, the variation in morphology is less when the ethanol droplet travels along 
the vortex center but is more when it exhibits the toroidal motion.  
 
6.4 Conclusions 
In this work, water and ethanol were selected as dispersed phase to study the 
droplet behavior in a Taylor Vortex of mineral oil. The experimental results show 
that the droplet behavior is strongly dependent on the flow Reynolds number, the 
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droplet density, and interfacial tension between the droplet and working fluid. The 
water droplet (heavier than working fluid) travels along the vortex center at low 
Reynolds numbers and performs a three-dimensional toroidal behavior at high 
Reynolds numbers, while the ethanol droplet (lighter than working fluid) exhibits 
an evolution from the torodial motion to circular orbit traveling with the 
increasing Reynolds number. Both the water and ethanol droplets can deform in 
the vortex and have an ellipsoid shape when moving along the annulus, although 
the latter shows more significant variation in morphology as a result of its lower 
interfacial tension with the working fluid. The interfacial tension also results in 
the breakage of ethanol droplet into lots of tiny droplets during the ‘sudden-start’ 
process due to the strong shear stress on the droplet. If the Reynolds number is 
high enough, the small droplets can coalesce again after the acceleration is over 
and form a single large droplet in the gap again. The fruitful phenomena observed 
in this liquid-liquid system may benefit the possible application of Taylor vortex 
devices in industrial processes like extraction and mixing. 
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In this project, the production of PEX protein from transfected QM7 cells cultured 
in a porous scaffold was studied in a Taylor-Couette bioreactor. in order to have a 
better understanding of biomedical application of the Taylor-Couette device, 
several parts of study were carried out, which consist of  the particle behavior in a 
Taylor vortex, oxygen transport in a Taylor-Couette bioreactor, cell proliferation 
in porous scaffolds in a Taylor-Couette bioreactor as well as  the droplet behavior 
in a Taylor vortex.  
In the first part, which is study of the behavior of very light particle (used as the 
scaffold for cell culture for the third part), it was found that the particle behavior 
depended on the Reynolds number; therefore, the particle trajectory could be 
precisely controlled by adjusting the Reynolds number. At low Reynolds number, 
the particle moved around the surface of inner cylinder.  When the Reynolds 
number was increased, the particle showed unstable trajectories: it could move 
randomly between the circular trajectory and oval orbit. At moderate high 
Reynolds number regime, the particle showed a stable oval orbit; however, when 
Reynolds number was further increased, the particle could be trapped at the 
vortex center and turned to a circular orbit. Besides the particle behavior, the flow 
field with the existence of particle was also investigated. The results showed that 
when the particle was trapped at the vortex center, it only had very trivial local 
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influence to the flow field, which implied that the Taylor vortex flow field was 
well maintained even when the scaffold was introduced, therefore, the advantage 
of the Taylor vortex could still be preserved. After the confirmation of stable flow 
field in the Taylor-Couette device, the oxygen transport in the device was further 
studied through both experiments and simulation in the second part. It was notable 
that  increasing the Reynolds number at low Reynolds number regime could 
significantly increase the mass transfer coefficient of oxygen. Moreover, the 
introduction of new mass transfer surface, bottom bubbles and trapped bubbles, 
could further increase the mass transfer coefficient, thus the equilibrium oxygen 
concentration was enhanced significantly.  Superior to the conventional bioreactor, 
the shear stress in Taylor bioreactor could be reduced by avoiding sparging. Last 
but not least, the mass transfer correlation was also derived for the analysis of the 
reactor behavior as well as scale-up study in future. The preliminary study of the 
cell culture was carried out and the results showed that high proliferation rate 
could be achieved in the scaffold with high mass transfer and suitable shear stress. 
In the third part, the Taylor-Couette bioreactor was then applied to improve the 
QM7 cell proliferation rate and the production yield of PEX protein.  This 
involved culturing recombinant QM7 cells, which was seeded in porous polymer 
scaffolds in a Taylor-Couette bioreactor with a lower aspect ratio and a bigger 
annular gap. The s cell seeded constructs were suspended in growth medium in 
the annular gap of the Taylor-Couette reactor for the production of PEX protein. 
The results indicated a notable higher cell proliferation and PEX protein 
production owing to the high mass transfer rate and moderate shear stress 
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environment in the Taylor-Couette bioreactor. The QM7 cell proliferation was 
studied qualitatively by the live/dead assay staining and confocal microscopy 
imaging and it discovered that the viable cells were evident both in the interior 
and exterior of the scaffolds cultured in the reactor. In comparison, the static 
control group exhibited viable cells only in the outer surface, which proved that 
the dynamic culture in the Taylor bioreactor helps the cell penetration as well as 
proliferation in the porous scaffold. On the other hand, PEX ELISA results 
indicated a much higher PEX mass production rate per scaffold for bioreactor 
group than static control group, to be more precise, there was a 50 fold increase in 
dynamic bioreactor group. This gives a promising potential of Taylor-Couette 
bioreactor in the mass production of the PEX protein, this highly improved 
production efficiency might reduce the high price of the cancer treatment drugs. 
Besides the useful applications as a bioreactor, some interesting phenomena were 
observed in the Taylor-Couette device. The behavior of insoluble liquid phase 
droplet in the Taylor-Couette device was measured. The results show that the 
droplets behavior is strongly dependent on the Reynolds number, interfacial 
tension and density of dispersed phase. The water droplet could be trapped at 
vortex center at low Reynolds number regime; but if the Reynolds number is 
increased, it has the trend to escape from the vortex and perform a “dancing” 
behavior with the increasing Reynolds number. However, the ethanol droplet was 
trapped inside the vortex at high Reynolds number regime and performs a dancing 
behavior at low Reynolds number regime, which acted reversely as compared 
with the water. Furthermore, the ethanol droplet could be destroyed by the shear 
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stress caused by the rotation of inner cylinder; however, the small droplets from 
the broken ethanol droplet could coalesce into big droplet again due to the Taylor 
vortex. The study may contribute to understand the droplet behavior in a Taylor 




Due to the time constrain, some studies are not yet fully explored. There are some 
recommendations for future works. 
1. Scale-up of the Taylor-Couette bioreactor: the experiment result shows that the 
Taylor-Couette bioreactor could improve the yield of PEX protein significantly; 
however, it is just a prototype within a laboratory scale. The study of scale-up 
should be carried out for the future applications of the Taylor-Couette bioreactor.  
2. Purification of PEX protein: in this study, the product of PEX protein was 
detected by ELISA; however, due to the time constrain, we are not able to carry 
out the experiments for purification of the PEX protein. With the high yield of 
PEX production, the cost of purification could also be reduced; therefore in total 
the price of PEX protein will be reduced and it could be a good benefit for 
application to the clinic treatment of tumor cells  
3. Application of Taylor-Couette device as an extractor: our study demonstrated 
the breakup-coalescence of the droplet with low interfacial tension in a Taylor 
vortex. This spontaneous process could have the great potential application in the 
extraction process. The small droplets after the breakup could increase the surface 
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area of mass transfer and therefore increase the extraction efficiency; while the 
spontaneous coalescence behavior reduced the time of separation of two phases 
after extraction. Future work could be carried out to optimize the extraction 
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